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ABSTRACT

IN PLANTA EVALUATION OF GENE REGULATION BY SOYBEAN AUXIN
RESPONSE FACTORS
PRATIKSHA K C
2020
Nitrogen (N) is an important plant nutrient but its abundance in the soil is not
sufficient for profitable crop production. N input in the form of chemical fertilizers
helps fill this need; however, an alternative for fertilizers is an immediate need due to
the environmental pollution resulting from excessive use of fertilizers. Leguminous
plants such as soybean (Glycine max) that form root nodules through symbiotic
association with N-fixing rhizobia and therefore need little or no chemical N
fertilizers. The plant hormone auxin plays a crucial role in determining the number of
nodules and their rate of maturity in soybean. Auxin action is mediated by a group of
transcriptional factors named auxin response factors (ARFs) that bind conserved
DNA elements named auxin response elements (AuxREs) and regulate gene
expression. One of the soybean ARFs, GmARF16-2, is believed to regulate auxinresponsive gene expression during soybean nodule development; however, its
mechanism of action is still unclear. This project seeks to resolve the mechanism of
GmARF16-2 action using transient expression with agroinfiltration method in
Nicotiana benthamiana. Previous studies have characterized GmARF16-2 as a
repressor while GmARF8a as an activator ARF. We hypothesized that the balance
between GmARF16-2 and GmARF8a plays a role in determining the nature and
extent of auxin-responsive gene expression. In this study, GmARF16-2 transactivated
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direct repeat AuxRE (DR5:GUS) suggesting GmARF16-2 can potentially act as an
activator ARF; however, it failed to transactivate evert repeat AuxREs (ER7GG and
ER7TC).
In contrast, GmARF8a, was able to transactivate evert repeat AuxREs but not with
DR5:GUS. It appears that monomeric ARFs not capable of dimerization are more
likely to bind and transactivate direct repeat or single-copy AuxREs and ARFs
capable of dimerization are more likely to bind and transactivate evert repeat AuxREs.
Therefore, the repertoire of genes regulated by each ARF is likely to be determined
by the orientation and sequence of the AuxREs present in target genes. A better
understanding of how auxin regulates gene expression during nodule development
can help devise strategies to optimize the number of nodules and their rate of maturity
to enhance nitrogen fixation.

1
1. INTRODUCTION
1.1 Nitrogen in agriculture
The demand for food production is increasing with increasing world population. This is
met by increasing agricultural productivity primarily through mechanization, crop
breeding advancements, and increased availability of chemical inputs over the past 50
years (Dimitri et al., 2005). Nitrogen in an important agricultural input as it is a building
block of chlorophyll, proteins, nucleic acids and other biomolecules (Vance, 2001);Peter
Raven, 2011). Chemical fertilizers have taken a big place in the agricultural yield
improvement mainly as a supplement of nitrogen for plants. Nitrogen fertilizer use has
dramatically increased from 11.6 M ton in 1961 to 110.1 M ton in 2016 to cope with the
increasing food demand and population growth (FAO, 2018). Although Earth’s
atmosphere contains nitrogen gas in very high amounts, plants cannot directly access it
(Smil, 1999). By the help of the Haber-Bosch process to convert gaseous nitrogen into
ammonia, industrial nitrogen fixation has contributed to fertilizer production. Although
the use of chemical fertilizer has given a good opportunity to balance demand-supply,
excess use of nitrogen fertilizers causes water pollution and air pollution which directly
and indirectly affect human health and disrupt the ecological balance. The application of
the nitrogenous fertilizers is increased year to year, the efficiency in comparison with
yield is poor because almost half of the applied fertilizer is lost to environment through
different methods such as run off, volatilization etc. causing water and air pollution
(Houlton et al., 2013) (Galloway et al., 2004), and economic losses for producers
(Carpenter et al., 1998; Howarth, 2002). Therefore, chemical fertilizers are not a
sustainable solution for agricultural nitrogen demand.
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1.2. Biological nitrogen fixation
There is an urgent need for a sustainable solution to meet agricultural nitrogen demand.
Fortunately, nature has an alternative way to meet at least part of the agricultural nitrogen
demand through biological nitrogen fixation (BNF). Although some amount of nitrogen
in the atmosphere can be fixed by lightning or certain industrial process, biological
nitrogen fixation appears to be the most effective way. Biological nitrogen fixation is the
natural process where prokaryotic organisms called as diazotrophs transform gaseous
form of nitrogen to the plant usable form (ammonium) (Bernhard, 2010; de Bruijn,
2015). There are three major forms of biological nitrogen fixation: Free-living,
associative, and symbiotic.
1.2.1 Free-living nitrogen fixation
Free-living also known as asymbiotic includes bacteria that live freely in soil without
direct influence of plant like cyanobateria, clostridium, azotobacter, etc. These bacteria
colonize to the rhizosphere of the plant by responding to root exudates but do not
penetrate the plant tissue. This association is referred as the simplest form of nitrogenfixing symbiosis as it gives 10-25 kg, of nitrogen/ha/annum (Shridhar, 2012).
1.2.2 Associative nitrogen fixation
Associative bacteria form a close association with plant roots which takes place in the
rhizosphere. Bacteria are activated by recognizing the plant root exudates and are
attracted by root mucilage then colonization in the root occurs (James, 2000). After
colonization, bacteria adsorb to the roots as single cells and form aggregates which are
then anchored to the root of host plant. The anchorage of the bacteria depends on
bacterial extracellular polysaccharide production (Vanbleu and Vanderleyden, 2007).
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Lichens-cyanobacteria and rhizosphere-Azospirillum are some of the examples of
associative nitrogen fixation. This type of nitrogen fixation contributes up to 20-25% of
nitrogen requirement for plants (Saikia and Jain, 2007).
1.2.3 Symbiotic nitrogen fixation
Symbiotic nitrogen fixation occurs between compatible host plant and bacteria where
both are mutually benefited. Endosymbiosis between leguminous plants and rhizobia
bacterial that results in root nodules offers the most efficient form of biological nitrogen
fixation (Murray, 2011; Mus et al., 2016). Nodules house the rhizobia where they fix the
atmospheric nitrogen to ammonia which can be used by plants as amino acids or ureides
and in return these bacteria gets plant carbohydrates as an energy source of nitrogen
fixation (Biswas and Gresshoff, 2014). Nitrogen derived from root nodules cause
minimal or no ecological harm and it is inexpensive to farmers which makes it a
sustainable solution to meet agricultural nitrogen demand (Tikhonovich and Provorov,
2011). Symbiotic nodules are limited to a smaller group of plants, particularly legumes.
Therefore, nitrogen needs of non-leguminous crops such as cereals that cannot produce
nodules are excluded from these benefits. Although crop rotation and intercropping with
leguminous plants help to provide few amounts of nitrogen to non-leguminous plants in
agricultural field, these are not enough to cope with plant’s nitrogen demand unless
chemical fertilizer is added. So, to provide benefit of biological nitrogen fixation to nonleguminous plants, we can use new advances made in molecular biology tools to know
about the key players involved in the nodule organogenesis and nodule development. A
better understanding of the process of nodule development and nitrogen fixation at the
genetic and molecular level can help devise strategies to increase nitrogen fixation
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capacity and efficiency in legumes. In addition, this knowledge can be used to transfer
nitrogen fixation capacity to non-leguminous plants through genetic engineering skills in
future.

Figure 1.1: Biological nitrogen fixation by prokaryotes
(https://www.khanacademy.org/science/biology/ecology/biogeochemical-cycles/a/thenitrogen-cycle)
1.3 Nodule development
1.3.1 Plant-rhizobium signal exchange
The very first step for nodulation is the recognition of an endogenous deficiency in
nitrogen availability by host plant which is followed by the excretion of flavonoids from
its root. These flavonoids are recognized by compatible rhizobia marking the first level of
chemical dialogue between the host plant and the symbiotic partner to ensure host
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specificity (Dixon and Paiva, 1995). Recognition of his flavonoids induce nod gene or
nodulation genes expression in rhizobia (Kosslak et al., 1987) which results in the
synthesis of the lipochitooligosaccharides, or nod factors (Lerouge et al., 1990). Nod
factors from different rhizobia have unique structural signatures which determine host
specificity.
1.3.2. Nod factor signaling
Nod factors are perceived by membrane-spanning receptor-like kinases that have a
extracellular LysM domain (Arrighi et al., 2006). This LysM-RLK receptors acts by
directly binding to the nod factor through their LysM domain (Broghammer et al., 2012),
and form a heterocomplex with the SYMRK/DMI2 receptor. These receptors together
initiate plant processes required for symbiotic nodule development (Endre et al., 2002).
Nod factor perception leads to calcium spiking oscillations in the nucleus (Harris, 2003;
Kanamori et al., 2006) which is mainly communicated by the messenger known as 3hydroxy 3-methylglutaryl CoA reductase 1 (HMGR1). HMGR1 is an enzyme that
generates mevalonate, but it also strongly interacts with SYMRK (Kevei et al., 2007).
(Venkateshwaran et al., 2015). Calcium influx in the nucleus represses the autoinhibitory
domain of calmodulin-dependent kinase CCaMK and activates a calcium- and CCaMK
(Gleason et al., 2006). This activation allows the interaction of CCaMK with CYCLOPS.
((Yano, 2008 #2663)).
CYCLOPS functions as a DNA-binding transcriptional activator (Singh, 2014) and
appears to work in parallel with the NSP2/NSP1 transcription factor complex to promote
expression of early-nodulation genes, such as NIN and ERN1 (Hirsch et al., 2009).
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1.3.3 Rhizobial infection and nodule initiation
Bacterial infection and nodule initiation are two spatiotemporally regulated principal
biological process in nodule development. During the formation of the infection thread,
the plant root undergoes different series of divisions in the cortex and pericycle initiating
a de novo root organ.
At early during symbiosis it is important for rhizobia to get inside from root surface to the
inner root tissue (Gage, 2004). After the perception of nod signal by the plant,
colonization of rhizobia into the plant root hair cells occurs which results in root hair
curling (root deformation) and formation of infection thread (IT) (Esseling et al., 2003).
IT enters the plant cell by degradation of the plant cell wall by localized expression of
cell wall deterioration enzyme (Muñoz et al., 1998) followed by the growing of IT to the
plant epidermal cell. Now the bacteria start growing and dividing inside the IT as well as
they enter the intercellular space in plant cells. Finally, these bacteria enter the cortex
cells of host plant (Oldroyd et al., 2011). From the previous studies, it has been known
that, cytokinin receptors present in root cortex plays an important role in cell division
process during nodulation as loss of function mutant didn’t form nodule primordia
(Murray et al., 2007). In the absence of cytokinin receptor, IT are not directly able to
grow towards cortex instead they spread laterally suggesting that although cytokinin
receptor may not be required for initial bacterial infection, but is necessary for direction
of IT (Murray et al., 2007). On parallel to the insertion of IT, the plant cortex cells begin
to divide and differentiate while the infection thread reaches the site of nodule
organogenesis and fuse with the cortex cell through endocytosis to form symbiosomes
(peribacteroid membrane) (Ferguson et al., 2010). The process of epidermal and cortical
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cell division requires CCaMK. Along with this, early nodulation gene NIN is believed to
have a positive role in cortical cell division as cytokinin application induces the
expression of NIN (Tirichine et al., 2007). Finally, the rhizobia differentiate and form
bacteroids inside symbiosome and become ready for fixing nitrogen for plants (Crespi
and Gálvez, 2000).
1.3.4 Types of nodules
Rhizobia colonize the cortical cells of plant and fix atmospheric nitrogen for plants. In
return they get carbon for energy and protection from plants.
Based on the site of primordia initiation and their meristem types there are mainly two
types of nodule in plants which are dominant and best studied. One is determinate, and
another is indeterminate nodule (Newcomb et al., 1979).
Common factor for both types of nodule is the presence of peripheral vascular bundles
and center with mostly infected cells where bacteria are entrapped, and nitrogen fixation
occurs. Although they have some similarity, they are also different in many aspects.
Determinate nodules arise from outer cortex, lack persistent meristem and are spherical
in shape, which is found in soybean (Glycine max), common bean (Lotus japonicus). In
these types of nodule, first cell division occurs anticlinally in outer cortex(Ferguson et al.,
2010) followed by division in pericycle and inner cortex.
On the other hand the indeterminate type of nodules are developed with the first cell
division (anticlinal) in the inner cortex followed by cell division (periclinal) of pericycle,
have persistent meristem and are oblong or cylindrical in shape found in pea, Medicago
truncatula (Ferguson et al., 2010). In addition, in determinate type of nodules there is no
separation for different stages of nitrogen fixing tissues. However, in indeterminate type
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nodule, the process of infection, nitrogen fixation, and senescence of nitrogen fixing
tissue are spatially separated (Hirsch, 1992).
1.3.5. Nodule cell differentiation and cell types
In the process of development, nodule give rise to two broadly subdivided tissues known
as central and peripheral tissue. The central tissue is composed of cytoplasmically-rich
cells in which early nodulin gene GmENOD40 is expressed. This central tissue of
matured nodule is composed of bacterial infected cells and GmENOD40 is expressed
especially in uninfected cells and in a cell layer connecting vascular bundles (Yang et al.
1993). On the other hand, nodule peripheral tissue consists of nodule parenchyma where
vascular bundles are embedded in it and nodule cortex. Nodule cortex and nodule
parenchyma are distinguished by the help of nodule endodermis. Early nodulin genes
GmENOD2 and GmENOD13 are expressed in nodule parenchyma cells. These
parenchyma cells are believed to have a major role in creating an oxygen barrier for
central tissue of the nodule (Franssen et al. 1992) and protect the extremely oxygen
sensitive nitrogen-fixing enzyme nitrogenase (van de Wiel et al. 1990).
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Figure 1.2: Different types of nodules and their development, indeterminate (left)
and determinate (right) (adopted from Ferguson et.al, 2010).
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1.4 Auxin
1.4.1. Introduction to auxin
Phytohormones are naturally occurring chemical messengers which are responsible for
the plant growth and development. Auxin is one of the important phytohormones which
regulates about two-third of plant gene expression and influence nearly all stages of plant
development. The principal auxin found in higher plants is indole -3- Acetic-Acid(IAA)
(Taiz and Zeiger 2006) (Sauer et al., 2013). In 1880, Charles Darwin was able to show
the existence of moving growth regulators from a phototropism experiment (Darwin,
1897) which was later on isolated and identified as IAA (reviewed from Sauer, Robert,
&Kleine-Vehn,2013). Along with time the research on auxin has been rapidly growing
and so is understanding of auxin. Auxin has different processes for biosynthesis,
transport and signaling through which it regulates plant growth and development.
1.4.2 Auxin biosynthesis and transport (homeostasis)
The major pathway for auxin (IAA) biosynthesis in plants is the tryptophan-dependent
indole-3-pyruvic acid (IPA) pathway (Zhao, 2012). The amino acid Tryptophan is
converted to indole-3-pyruvic acid (IPA) by TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIS (TAA) enzyme family (Tao et al., 2008) and IPA is converted to
IAA by the flavin monooxygenase YUCCA (Mashiguchi et al., 2011). IAA is primarily
synthesized in young and developing tissues such as apical parts of roots (Petersson et al.,
2009) and young leaves (Ljung et al., 2001) and are distributed from the site of synthesis
to the site of action via a tightly controlled transportation system.
Free auxin mainly remains in two forms, protonated (IAAH) and unprotonated (IAA-).
Due to the acidic nature of auxin, it exists in unprotonated or charged anionic form (IAA-
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) in neutral pH of cytosol but in uncharged form (IAAH) in apoplastic fluid of the cell
wall and in vacuoles. The protonated form is less polar and can easily transport through
diffusion into the cell due to pH difference between apoplast (~5-5.5) and the cytoplasm
(~7). The unprotonated form is too polar to diffuse so they need the help of different
auxin transport proteins to exit the cell. The auxin efflux carrier proteins (PIN and ABCB
family) (Zazímalová et al., 2010) and auxin influx carrier proteins (AUX1/LAX and PINLIKES proteins) help auxin exit and enter the cell respectively which makes cell to cell
auxin flow possible (Ljung, 2013).
Auxin deactivation and degradation occurs through several forms of conjugation with
amino acids and/or sugars as well as oxidation to oxindole acetic acid (Ljung, 2013). IAA
can be converted into physiologically inactive form by conjugating with aspartate and
glutamate (Ludwig-Müller, 2011). The normal series of breakdown of endogenous IAA
was demonstrated where the IAA-Asp converts to oxindole-3-acetyl-N-Asp and finally to
oxindole-3-acetic acid (Tuominen et al., 1994).

Figure 1.3: Diagram showing auxin transport in plant cell.
(https://plantcellbiology.masters.grkraj.org/html/Plant_Growth_And_Development3Plant_Hormones-Auxins.htm)
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1.4.3 Auxin signaling
The regulation of gene expression by auxin at site of action is mediated by auxin
signaling. The key components of auxin signaling are three sets of proteins:
TRANSPORT INHIBITOR RESISTANT 1/AUXIN SIGNALING F-BOX (TIR1/AFB)
F-box proteins, the AUXIN/INDOLE-3- ACETIC ACID (Aux/IAA) transcriptional
coregulators, and sequence-specific binding proteins called AUXIN RESPONSE
FACTORs (ARFs) (Weijers and Wagner, 2016) (Pierre-Jerome et al., 2013). The
diversity in the auxin responses are the result of auxin signaling proteins diversification.
In case of Arabidopsis there are 29 Aux/IAA proteins, 23 ARFs and 6 members of
TIR1/AFB group found which makes the chance of potential interactions with each other
in a compatible manner making control over the auxin responsive gene interaction
(Liscum and Reed, 2002; Prigge et al., 2016).
Aux/IAAs are 25- to 35- KD proteins which are short lived and are localized to nucleus.
The rate of degradation is increased along with the increment of auxin concentration
(Tiwari et al., 2001). Most of Aux/IAA proteins generally have four conserved domains
known as I, II, III and IV (Tiwari et al., 2001). In N-terminal region they have domain I
which plays role in the repression of Aux/IAA with the help of conserved ethylene
response factor (ERF)– associated amphiphilic repression (Breakspear et al.) motif and
responsible for recruiting corepressors like TOPLESS (Lee et al., 2016). The second
domain of Aux/IAA (Domain II) plays role in instability of Aux/IAA proteins and is well
known as degron domain which interacts with an F-box protein, TIR 1, which is a
component of SCF TIR1 ubiquitin ligase complex (Liscum and Reed, 2002). Finally,
there is domain III/IV also known as PB1 domain. PB1 domain of Aux/IAA have a
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similar amino acid sequence to motifs III and IV of ARFs and they function in
dimerizing with ARFs (Tiwari et al., 2004; Li et al., 2011; Guilfoyle, 2015).
The SCFs are a subgroup of a large family E3 ligases known as Cullin Ring Ligases
(CRL) which consists of CULLIN1 (CUL1), S-phase kinase associated protein 1 (SKP1
or ASK), the RING-BOX1 (RBX1) protein, and one of the family of substrate adaptor
proteins called F-box proteins. The F-box protein recruit substrate to the SCF and
promotes ubiquitination. TRANSPORT INHIBITOR RESISTANT 1/AUXIN
SIGNALING F-BOX (TIR1/AFB) proteins consist of the F-box domain and Leucine rich
repeats (LRRs) domain. When there is presence of auxin, auxin directly binds to the LRR
domain without causing any conformational change and promotes the interaction
between SCFTIR1 and Aux/IAA substrate (Prigge et al. 2016). In fact, TIR1 and AFB1,
AFB2, AFB3 as well as AFB5 are known to regulate auxin response hence named as
auxin receptor as the plant deficient in all four proteins were auxin insensitive
(Dharmasiri et al. 2005). Finally,the combination of TIR1/AFBs and proteins like, ASK,
CUL1 form the ubiquitin protein ligase complex, SCF TIR1 ubiquitin ligase complex
which directly targets auxin repressors Aux/IAAs and degrade them through 26S
proteasome pathway (Ljung, 2013).
ARFs (Auxin Response Factor) are a group of transcriptional factors that regulates the
expression of auxin response genes. From the previous studies it has been found that, this
ARFs mainly bind to the canonical DNA segment TGTCTC DNA motif which is known
as auxin-response elements (AuxREs) (Ulmasov et al., 1995; Guilfoyle and Hagen,
2007). ARFs have modular structure with three different domains in most of the cases.
The amino-terminal site has DNA-binding domain (DBD), followed by middle region
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that can act as either activation Domain (AD) or repression domain (RD), and finally Cterminal domain (III/IV) which is also known as Phox and Bem1 (PB1) domain (Tiwari
et al., 2003). DNA-binding domain of ARFs has two subdomains, one is Dimerization
domain (DD) which is responsible for either homo- or heterodimerization with different
ARFs families stabilizing ARFs structure during transcription and next is B3 domain
which helps ARFs to bind with DNA segments (AuxREs) in promoter with flexibility
(Boer et al., 2014). From the previous experiments, it has been known that ARFs can
homodimerize with each other through DD to generate cooperative DNA binding.
Dimerized ARFs are known to be more stable than in monomer forms of ARFs (Ulmasov
et al., 1999). But the monomer and dimer state of ARFs also depends on the orientation
of AuxREs available. In addition, AuxREs may occur as simple elements either in the
form of direct or palindromic repeats and it is believed that, ARFs can form monomer in
direct repeats but must form dimers on palindromic AuxREs to bind stably (Ulmasov,
1999). It was seen that, inverted repeat of the AuxREs spaced by seven nucleotides (ER7)
showed efficient binding by ARF1 (Ulmasov et al., 1997). Similar result was shown by
Boer et al. (2014) research paper where ER7GG was seen to have high binding affinity
with ARF1 and ARF5 with inverted repeat of TGTCGG spaced by seven nucleotides in
comparison with other spacing suggesting that, ARFs dimers has spacing preference for
binding. Different research has been done to know about the AuxREs orientation for
different ARF binding state. Along with the canonical AuxREs (TGTCTC), many other
cis-elements (TGTCGG, TGTCTG, TGTCCC) were found to be associated with auxin
up-regulation (Zemlyanskaya et al. 2016).The non-conserved middle region of ARFs can
either be proline/serine/threonine-rich functioning as transcriptional repressor or
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glutamine/serine/leucine -rich functioning as transcriptional activator (Ulmasov et al.,
1999; Tiwari et al., 2003). Both ARFs and Aux/IAA proteins have similar Phox and
Bem1 (PB1) domain which is also refer as protein protein interaction domain. This PB1
domain of ARFs facilitates the formation of homodimerization of ARF-ARF and
heterodimerization of ARF-Aux/IAA (Guilfoyle, 2015). The ARF-Aux/IAA interaction
with PB1 domain results in the repression of ARF inhibiting the transcription f auxin
responsive genes (Tiwari et al., 2003). From recent studies, ARFs are classified into three
classes and according to Arabidopsis ARFs numbering they are Class A (activator, ARFs
5-8 and 19), Class B (repressor, ARF 1-4, 9, 11-15, 18, 20-23) and class C ARF (10, 16,
17 ) which are repressors based on middle region sequence but not fully categorized
(Finet et al., 2012).
When there is low concentration of auxin in a cell, Aux/IAA proteins dimerize to and
repress the ARFs dependent auxin signaling pathway by forming the dimer with the
ARFs. This Aux/IAA bind with activator ARFs forming heterodimer through protein protein interaction and represses transcriptional activity of target gene by recruiting
TPL(TOPLESS), a co repressor. In case of high auxin concentration, the AUX/IAA
proteins are degraded with the help of the SCF family (Tiwari et al., 2001; Tiwari et al.,
2004; Pierre-Jerome et al., 2013). Thus, in this way auxin is perceived in cells and further
signaling is occurred in the involvement of different proteins (Vernoux et al., 2011).
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Figure 1.4: Common ARF and Aux/IAA modular structure (Adapted from
(Guilfoyle and Hagen, 2007))
1.5 Auxin and nodule development
Along with many other developmental processes in plants, auxin is also believed to have
crucial role in nodule development. In the process of soybean nodule development, there
is crucial role of auxin and cytokinin hormone playing antagonistic in nature and the
miRNA160 helps to regulate the auxin signaling process and make difference in soybean
root structure as well as in the nodule formation (Turner et al., 2013; Fisher et al., 2018).
MicroRNA160 are small RNAs which was found to show an important role in the
soybean nodule formation. Previous studies from our lab found that, this miR160 helps to
maintain the spatio-temporal expression of auxin hormone by targeting soybean Auxin
Response Factor (ARFs) of family 10/16/17 which are represssore ARFs. Experiment
performed by manipulating the activity of miR160 concluded that, low auxin level but
high cytokinin level is crucial for nodule primordia formation and high auxin but low
cytokinin level is required for proper nodule maturation (Turner et al., 2013;
Nizampatnam et al., 2015). Thus, it was explained that the reduced nodulation in auxin
hypersensitive miR160ox roots of soybean is due to the suppression of cytokinin activity.
(Turner et al., 2013). Similar experiment related to soybean nodule development and
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relation of auxin was done by wang et.al, (2015) where he showed role of miRNA167 in
suppressing activator soybean ARFs (GmARF8a and GmARF8a) resulting lower auxin
sensitivity and finally higher nodule formation (Wang et al., 2015).

It has been reported that auxin has mainly three functions during plant nodulation, cell
cycle control, vascular development and rhizobia infection (Kondorosi et al., 2005).
1.5.1 Cell cycle control
Auxin is known to have an important role in cell cycle control during nodule
development. Using M.truncatula, Breakspear et al. (2014) demonstrated that, there
was increased expression of cell cycle genes including A-type cyclin and a subunit
of the anaphase promoting complex suggesting the importance of auxin in cell cycle
during nodule development (Breakspear et al., 2014). In addition, silencing of Cell
Division Cycle16 (CDC16), a core component of the anaphase promoting complex,
reduced auxin sensitivity and increased nodule numbers in Medicago truncatula
suggesting potential function of CDC16 in auxin signaling and nodule formation
(Kuppusamy et al., 2009). In fact, it has been demonstrated that the activation of the
cell cycle in nodule meristem is function by the auxin-induced cyclin CycA2 in
Medicago (Roudier et al., 2003). These studies support the function of auxin in cell
cycle control during plant nodule development.
1.5.2 Vascular development
High auxin response has been seen in vascular tissue of nodule stating important role of
auxin in vascular tissue differentiation in nodule (Takanashi et al., 2011). The division of
cortical cell during nodule development of both determinate and indeterminate nodule
types involves auxin response, however, there was high auxin content at the nodule
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initiation site in Medicago truncatula (indeterminate nodule) but was reduced in Lotus
japonicus (determinate nodule). In addition, auxin response in case of M. truncatula was
enhanced in early nodule primordia and in nodule vasculature and meristem in matured
nodule whereas in Lotus japonicus, auxin response was occurred in cortical cells
surrounding early nodule primordia and in the vasculature of matured nodule (Ng and
Mathesius, 2018). Recent experiment done by using two photon fluorescence microscopy
for quantitative 3D imaging has shown that, the ratio of auxin/cytokinin is actually higher
in vascular bundles of soybean nodules indicating the importance of auxin in vascular
development of soybean nodule (Fisher et al., 2018).
1.5.3 Rhizobial infection
It has been demonstrated that, auxin signaling is also required for rhizobial infection of
root hairs. The localized expression of auxin related genes like GH3.1, SAUR1 and
ARF16a in infected tissue of Medicago truncatula suggested a role of auxin in infection.
Auxin was demonstrated to have role in formation of the infection pocket and thread
initiation as mutant of MtARF16a was seen resistant to infection by S.meliloti in M.
truncatula. In addition, it is also known that the pathway of auxin-mediated rhizobial
infection is conserved in both determinate and indeterminate nodulating legumes
(Breakspear et al., 2014). Recently, in Lotus japonicus, an optimized variant of the DIIbased auxin accumulation sensor was used, and confirmed the appearance of auxin
accumulation in root hairs in response to Nod Factor (Nadzieja et al., 2018). Similarly,
using M.truncatula, Hobecker et al, (2017) demonstrated that, overexpression of miR390
(conserved micro RNA that targets Trans-Acting Short Interference RNA3 (TAS3)
transcript and results in production of trans-RNA to target mRNA of ARF2, ARF3 and

19
ARF4) prevents nodule organogenesis, rhizobial infection, and the induction of two key
nodulation genes, Nodulation Signaling Pathway1 (NSP1) and NSP2 (Hobecker et al.,
2017). The experiment done in soybean by focusing on auxin receptor GmTIR1 and
GmAFB3 (targets of miR393) genes demonstrated that, GmTIR1 and GmAFB3 genes
shows different expression patterns during soybean nodulation as knock-down of miR393
as well as overexpression of GmTIR1 genes significantly increased rhizobial infection
and nodule number (Cai et al., 2017). In addition, auxin plays a main role in the
epidermal response to perceive Nod- factor whereas later on, there is no or minimal auxin
activity in the infection zone (Turner et al., 2013). Thus, these findings suggest the
impotance of auxin in rhizobial infection during nodule development.
1.6 Selection of GmARF16-2 for further analysis
The selection of GmARF16-2 was done because (i) it had one of the highest expression
values in nodule tissues among the targets of microRNA160, and (Zemlyanskaya et al.,
2016) it had an inverse expression pattern compared to that of microRNA160 between
emerging and mature nodules of soybean (Nizampatnam et al., 2015). In the figure below
(Figure 1.5), Glyma.10g210600 (genome version Glyma2.0) or Glyma.10g35481
(genome version Glyma1.1) referred as ARF16-2 clearly has the highest expression level
and most dramatic reduction at the mature nodule stage where miR160 is known to be
highly active with respect to the other miR160 targets. Micro RNAs (miRNAs) are short
non-coding RNA sequences which can bind and destruct the messenger RNA that would
go through translation for protein synthesis eventually preventing the production of
protein. From previous studies it has been reported that, miR160 promotes auxin activity
by suppressing the levels of the ARF10/ARF16/ARF17 class C ARF transcription
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factors. In addition, the most highly expressed repressor ARFs that are regulated by the
miR160 in nodules are ARF16-2 followed by 16-3 and 10-4. To be more particular, the
relative expression of miR160 was seen to be lower in emerging nodule but was higher in
case of mature nodules. In contrast, the expression level of GmARF16-2 was seen higher
in emerging nodules and lower in matured nodules (Figure 1.6 ) (Nizampatnam et al.,
2015) suggesting the inverse temporal expression of GmARF16-2 with respect to
miR160. Thus, based on all this characteristic of GmARF16-2 it was selected for further
analysis.

Figure 1.5: Expression of miR160 targets in emerging and mature nodules of
soybean. Data shown are average RNA fragments per kilobase of transcript per
million mapped reads (FPKM). Adapted from Nizampatnam, 2015.

Figure 1.6: Inverse expression profile between miR160 and ARF16-2. Relative
expression of miR160 and two of its targets in emerging and mature nodules of
soybean assayed by qPCR. Adapted from Nizampatnam, 2015.
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1.7 Hypothetical model for auxin action during soybean nodule development
It has been reported that auxin inhibits soybean nodule formation and microRNA160
plays an important role in promoting auxin activity in soybean roots by suppressing a set
of repressor soybean ARFs (ARF10/ARF16/ARF17) (Turner et al., 2013; Nizampatnam
et al., 2015).
Another study with miR167 and its target soybean activator ARFs (ARF8a and ARF8b)
showed that miRNA167 targets soybean GmARF8a and GmARF8b and can reduce auxin
sensitivity by suppressing expression of GmARF8a and GmARF8b resulting reduced
auxin sensitivity in soybean roots and finally resulting more nodule formation (Wang et
al., 2015).
By combining these two independent studies it can be hypothesized that balance between
ARF8a and ARF16-2 activity plays an important role in soybean nodule development.
1.8 Hypothesis
The repressor ARFs are capable of repressing auxin gene expression. Although clear
mechanism of repressor ARFs to repress auxin gene expression is not fully understood,
still there are two distinct hypothesis given from previous studies (Pierre-Jerome et al.,
2013; Chandler, 2016). Firstly, repressor ARFs may act by direct repression mechanism
by forming heterodimer with activator ARFs and recruiting some corepressors resulting
to repress transcriptional activity. Secondly, repressor ARFs inhibits Activator ARFs
activity by competing for binding to the same promoter element (AuxREs).
But it is still unclear about the binding of different ARFs to same cis-element in natural
scenario. Also, a recent mathematical model for auxin signaling incorporates a
competition between Activator ARFs and Repressor ARFs largely based on their
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extensive co-expression (Vernoux et al., 2011) suggesting that the balance between level
of Repressor and activator ARFs helps to maintain a constant transcriptional response
even in fluctuating auxin signal.
1.9 Aim of the study
Although GmARF16-2 (class C ARF) plays role in regulation of auxin responsive gene
expression during soybean nodule development, the mechanism of GmARF16-2 in
regulation of auxin responsive gene expression is still unclear. So, the aim of the study is
to test hypothesis of GmARF16-2 and GmARF8a competing to bind for same AuxREs
by which GmARF16-2 regulates auxin responsive gene expression with GmARF8a
repression.
2. MATERIALS AND METHODS
2.1 Effector construct preparation
2.1.1 PCR cloning of different effector construct
Primers were designed to amplify coding regions (start codon to stop codon) of soybean
ARF8a, ARF16-2, ARF10-4, ARF16-3 and ARF17-2. Sequences of primers are listed in
Table 7 in Appendix B. Coding regions were amplified using Q5 Hi-Fi DNA polymerase
(Cat #M0491S, NEB, MA) in 25µL PCR mixtures consisting of 200 µM Q5 reaction
buffer, 0.5 µM of forward primer, 0.5 µM of reverse primer, 50-100 ng of cDNA isolated
from soybean roots, 0.02 U/µL of Q5 DNA polymerase and type 1 water in 200µL PCR
tubes. The tube was placed on a pre-heated Applied Biosystems SimpliAmp Thermal
Cycler (ThermoFisher, CA) and the following cycling program was run: one cycle of
98oC for 1min; 35 cycles of [98oC for 30sec, 53-60o depending on the primer pair (shown
in Table 3, Appendix B) for 30sec, 72oC for 3min], one cycle of 72oC for 7min and a
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final hold at 4oC. After PCR, 7µL of the PCR product was run on a 0.8% agarose gel to
confirm correct size of amplicon (shown in Table 3, Appendix B).
2.1.2 TOPO/TA cloning
The Q5 DNA polymerase was expected to yield amplicons with blunt ends because of its
proofreading ability. To make the amplicons compatible with TA cloning, the PCR
products were cleaned, and an A-overhang was added as follows.
PCR amplicons were cleaned up using Wizard SV Gel and PCR-clean up system to
remove primers, unincorporated nucleotides, polymerase, and other reagents (Cat
#A9282, Promega). To add an A overhang on the 3’ ends of the cleaned PCR product, a
10 µL reaction mixture was prepared by mixing 5 µL of cleaned PCR product, 1 µL of
10x NEB standard Taq Mg free buffer, 0.6 µL of 25mM Mgcl2, 0.2 µL of 10 µM dATPs,
0.1 µL of Taq DNA polymerase (Cat #M0320L, NEB, MA) and required amount of
nuclease free water to make up the volume. The reaction was placed in a thermocycler
and subject to one cycle of [95 oC for 2 min, 68 oC for 15 minutes] and final hold at 10
o

C.

The pCR8/GW/TOPO cloning kit (Cat# K250020, Invitrogen, CA) was used for
TOPO/TA cloning. Three microliters of reaction mixture consisting of 2.25 µL of the Aoverhang PCR product, 0.25 µL of the TOPO vector and 0.5µL of the Salt Solution was
prepared and incubated at room temperature for 1 hour.
2.1.3 Heat shock transformation
One microliter of the TOPO reaction was then used in heat shock transformation of either
Top 10 competent cells or DH5α E. coli competent cells. Competent cells (50 µL
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volume) were brought from -80oC storage and incubated on ice for 10 min. One µL of the
TOPO reaction was added to the cells and was mixed by gentle flicking. The cells were
then incubated on ice for 30 min followed by heat-shock at 42oC for 30 sec then placed
directly on ice for 2min. The cells were heat-shocked at 42oC for one minute then placed
directly on ice for 3min. The cells were resuspended in 900 µL of LB and placed in a
37oC incubator with shaking at 225 RPM for 1 hour to allow the cells to recover. Finally,
the cells were spun down at 3500 x g rcf for 3 min and were resuspended in 300 µL LB,
and plated on prewarmed spectinomycin (0.1mg/ml) LB/Agar plates and incubated at
37oC for 16 hr. Eight colonies were selected for each construct for plasmid isolation,
carried out using the PureYield Plasmid Miniprep System (Cat# A1223, Promega, WI)
and followed by the restriction digestion test to select correct clone (Shown in Appendix
D). For restriction digestion, 15 µL of reaction mixture was prepared with 200ng of
plasmid, 1.5 µL of 10x cutsmart buffer, 0.5 µL of restriction enzyme and finally making
volume up to 15 µL by adding water. The reaction mixture was then incubated on 37 oC
for 1 hour and separated on a 1% agarose gel through electrophoresis to evaluate the size
of DNA fragments yielded. At last, the cloned gene fragment of plasmids was sequence
verified (Genescript, NJ, USA) and glycerol stocks were made from the correct clone
which was then stored in -80 oC freezer.
2.1.4 LR recombination of effector and destination vector
One of the sequence-verified ENTRY clones was used in a LR recombination reaction
with destination vector (PK2GW7) to obtain an expression binary vector where the
CaMV 35S promoter would drive the expression of the cloned gene (Shown in Table 4,
Appendix B). Because both entry clone and destination clones conferred spectinomycin
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resistance, linearization of entry clone was done prior to LR recombination by selecting a
suitable restriction enzyme (Pvu I) that cuts in the spectinomycin resistance gene of entry
clones. For LR recombination reaction, 1µL of Gateway LR Clonase II Enzyme mix
(Cat# 11791100, Invitrogen, CA) was combined with 1.5µL of 50 ng/µL linearized entry
clones (shown in Table 4), 1µL of a 150ng/µL PK2GW7 destination vector, 1µL of TE
buffer (pH 8.0), and incubated for 2hrs at room temperature. After 2 hrs of incubation, 1
µL of Proteinase K solution was added to the reaction and incubated at 37oC for 10min to
stop the reaction. One µL of the reaction was then used for heat shock transformation of
DH5α, as previously described (Section 2.1.3). Recovered cells were plated on
spectinomycin (0.05 mg/ml) LB agar plates and incubated for 16 hr at 37oC. Eight
colonies of each case were selected, and plasmid preparations from these colonies were
evaluated by restriction digestion to identify those with expected digest patterns (Shown
in Appendix D). Selected clones were then sequenced to verify the recombination
junction to finalize desirable clones.
2.1.5 Infusion cloning
The destination vector PK2GW7 was modified using infusion cloning to express two
ARF genes from the same plasmid. The entire cassette of aminoglycoside
phosphotransferase gene (kanamycin resistant gene) of PK2GW7 was replaced by
GmARF8a gene using infusion cloning. Gblocks® gene fragements were ordered from
IDT (Integrated DNA Technologies) with a Bsu36 I recognition site and part of the NOS
promoter at 5’ end and AFl II site and part of NOS terminator at the 3’ end of GmARF8a
(See Table 8 for sequence).
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For infusion, the gene fragments were PCR amplified using forward and reverse primers
(shown in Table 8) such that the 5’ and 3’ ends of the resulting PCR product would have
15 nucleotide overlapping sequence with NOS promoter and NOS terminator
respectively of digested vector PK2GW7 to allow infusion cloning. A 50 µL reaction
containing 200 µM of Q5 reaction buffer, 0.5 µM of forward primer, 0.5 µM of reverse
primer, 50-100 ng of gene fragments as template, 0.02 U/µL of Q5 DNA polymerase and
Type I water to make up the volume was prepared. Then the tube was placed on a preheated Applied Biosystems SimpliAmp Thermal Cycler (ThermoFisher, CA) and the
following reaction was run: one cycle of 98oC for 30 sec, 35 cycles of [98oC for 30sec,
72o for 30sec, 72oC for 3min], final extension 72oC for 7 min and a final hold at 4oC.
PCR product was then purified using Wizard SV Gel and PCR-clean up system (Cat
#A9282, Promega) and used as insert for Infusion cloning. The PK2GW7 destination
vector was prepared for Infusion cloning by digesting with AFlII (Cat# R0520S, NEB,
MA) and Bsu36I (Cat# R0524S, NEB, MA) restriction enzymes (Figure D.11 in
Appendix D). The vector fragment of 10160 bp was gel purified using Wizard SV Gel
and PCR-clean up system (Cat #A9282, Promega). Five µL infusion reaction mixture of
reaction was prepared in a 200µL PCR tube by adding 60ng of purified linearized
PK2GW7, 310ng of purified PCR product, 1 µL of infusion HD Plus CE cloning system
enzyme (Cat #638916, Clontech, CA) and required volume of Type I water. The tube
was incubated in a thermocycler for 15 min at 50 oC temperature and then entire 5 µL
was transformed to DB 3.1 competent cells by heat shock transformation as described in
section 2.1.3. The resuspended cells were plated on prewarmed spectinomycin
(0.1mg/ml) LB/Agar plates and incubated at 37 oC for 16 hr. Eight colonies for each
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construct were selected for plasmid isolation and was verified by restriction digestion
with HindIII enzyme (expected bands: 9541bp, 3343bp) and NcoI (expected band
9502bp, 1374bp, 917bp, 701bp, 390bp) (shown in Figure D.12 in Appendix D). Then the
clones giving expected digest patterns were sent for sequence verification of the infusion
site to identify desirable clones. The resulting PK2GW7:GmARF8a:GW plasmid was
used as the destination vector in LR cloning reactions with respective ENTRY clones to
generate PK2GW7:GmARF8a:GmARF16-2 (Figure D.13) and
PK2GW7:GmARF8a:GmARF16-3 (Figure D.14) constructs described in Table 5. Eight
colonies of each case were selected, and plasmid preparations from these colonies were
evaluated by restriction digestion to identify those with expected digest patterns (Shown
in Figure D.13 and Figure D.14). Selected clones were then sequenced to verify the
recombination junction to finalize desirable clones.
2.1.6 Agrobacterium tumefaciens EHA105 competent cell preparation
A. tumefaciens strain EHA105 cells from a glycerol stock were streaked onto rifampicin
(0.05mg/ml) LB agar using aseptic technique and the plate was incubated at 30oC for
48hrs. A single colony was selected and inoculated in 5ml of LB with rifampicin
(0.05mg/ml) and shaken at 200 RPM at 30oC for 15hrs. One ml of this primary culture
was used to inoculate 50ml of sterile LB with 0.05mg/ml rifampicin and shaken at 200
RPM at 30oC until the O.D.600 reached 0.5. The cells were centrifuged at 5000rpm for
10min at 4oC in an Eppendorf 5804 R centrifuge with rotor F-34-6-38 (Eppendorf, NY)
in sterile 50ml tubes (Cat# 21008-940, VWR, PA). After centrifugation, the supernatant
was discarded, and the pellet was resuspended in 50 ml chilled autoclaved DEPC water.
Resuspended cells were again centrifuged as above at 5000rpm for 10min at 4oC and the
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supernatant was discarded. The pellet was then resuspended in 20ml of ice-cold 10%
sterile glycerol. The cells were centrifuged at 5000rpm for 10min at 4oC. The supernatant
was discarded, and the pellet resuspended in 10ml of ice-cold 10% sterile glycerol. The
cells were centrifuged at 5000rpm for 10min at 4oC. The supernatant was discarded, and
the pellet resuspended in 2ml of ice-cold 10% sterile glycerol. The resuspended cells
were aliquoted into 1.5ml Eppendorf tubes in volumes of 50µL and stored at -80oC until
transformation.
2.1.7 Electroporation of Agrobacterium tumefaciens EHA105 competent cells
A. tumefaciens strain EHA105 was transformed with a single sequence-verified clone of
PK2GW7:GmARF8a, PK2GW7:GmARF16-2, PK2GW7:GmARF10-4,
PK2GW7:GmARF16-3, PK2GW7:GmARF17-2, PK2GW7:GmARF8a:GmARF16-2 and
PK2GW7:GmARF8a:GmARF16-3 plasmid by using electroporation . EHA105
competent cells were taken from -80oC storage and incubated on ice for 10min. One µL
of 150ng/µL plasmid was added to the competent cells and allowed to incubate for 30min
on ice. A 0.1cm gap electroporation cuvette (Eppendorf, MA) and 1ml of LB were also
pre-chilled on ice. Twenty-five µL of the cell/plasmid mixture was transferred to the prechilled cuvette and electroporated with an electric charge of 25uF, 400ohms resistance,
and 1.8Kvolts in a Bio Rad Gene Pulser Xcell Electroporation System (Biorad, CA).
After electroporation, the cells were resuspended in 1000µL of LB and placed in a 30oC
incubator in shaking at 200 RPM for 2 hours for recovery. Finally, the cells were spun
down at 3500 x rcf for 3 min and 300µL of the recovered cells were plated on prewarmed
rifampicin (0.05mg/ml) plus spectinomycin (0.1mg/ml) LB/Agar plates and incubated at
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30oC for 48 hr. Glycerol stocks were made from few colonies and stored in -80 oC
freezer.
2.2 Reporter construct preparation (AuxREs)
2.2.1 Planning of construct
Four Auxin Response Element variants (AuxREs) DR5, ER7GG (shown in Table 9),
ER7TC (shown in Table 10) and DR5TT (shown in Table 11) were selected for this
experiment. Ten copies of each AuxRE variants in different arrangements (direct repeats
indicated by DR or evert repeats indicated by ER) were arranged with 5 or 7 nucleotides
spacing between them (indicated by the number following DR or ER). The whole
sequence with 10 repeats of AuxREs motif in different orientations were added 5’ of a
minimum CaMV 35S promoter. These sequences were divided into 7 Golden Gate
cloning fragments (shown in Table 9, 10 and 11) and both the top and bottom strands
were synthesized as single strand oligos.
2.2.2 Modification of PCR8/GW/TOPO ENTRY vector
The PCR8/GW/TOPO ENTRY vector was modified to add two BsaI sites between the
attL sites as follows to make it compatible with Golden Gate cloning. Two
complementary oligos (top strand and bottom strand) that will anneal to yield two BsaI
restriction enzyme recognition sites were synthesized (shown in Table 9, Appendix B)
and stored individually as100µM stock solutions in TE buffer. Twenty micro liters of
each oligo was mixed in a 200 µL PCR tubes and heated to 98 oC followed by gradually
cooling down to 25 oC @ -1 oC per min in a thermocycler to generate double stranded
DNA through annealing. A- overhangs were added (explained in section 2.1.2) to the
prepared double strand DNA to clone into the PCR8/GW/TOPO vector (described in
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section 2.1.2) from pCR8/GW/TOPO cloning kit (Cat# K250020, Invitrogen, CA). After
TOPO/TA cloning cells were directly used for heat shock transformation in DH5α cells
like explained before in section 2.1.3. Eight colonies were selected, and plasmid
preparations from these colonies were sent for sequencing of cloned fragment with m13F
and m13R primers. Clones with expected sequences were stored as glycerol stocks in 80o C. This verified modified PCR 8 was used in a golden gate cloning reaction to obtain
PCR8/GW vectors with different AuxRE variants.
2.2.3 Golden gate assembly
Seven different DNA fragments were designed for each of ER7GG, DR5TT and ER7TC
such that would give unique sticky ends after digesting with BsaI restriction enzyme
(shown in Table 9, 10, 11). Top and bottom fragments were synthesized as oligos and
stored as stock solutions as explained earlier in section 2.2.1. After hybridizing all seven
fragments for each AuxRE variant, those double stranded DNA fragments were then
mixed with golden gate assembly mix from NEB® Golden Gate Assembly Kit (BsaIHF®v2) (Cat # E1601S, NEB, MA) as follows. The reaction was prepared in a 200 µL
PCR tube by adding 75 ng/µL of modified PCR8 vector as destination vector, 100nM of
each insert (seven fragments), 2 µL of T4 DNA Ligase Buffer, 1 µL of NEB golden gate
assembly mix and making volume up to 20 µL by adding type 1 water. The tube with
reaction mixture was subject to the following thermocycles in a thermocycler: 30 cycles
of [37 oC for 1 min, 16 oC for 1 min] and finally one cycle of 60 oC for 5 min. Right after
the cycle completion, 1 µL the reaction was directly used for heat shock transformation
of Top 10 competent cells as explained in section 2.1.3 (Note: storing the reaction after
running one cycle of 60 oC for 5 min is not recommended). Eight colonies were selected
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and plasmid preparations from these colonies were evaluated by restriction to identify
those with expected digested pattern. PCR8_Modified_ER7GG was digested with BsrGI
(correct bands: 2760bp, 371bp, Figure E.1), PCR8_Modified_ER7TC was digested with
EcoRI (correct bands: 2791bp, 337bp, Figure E.3) and PCR8_Modified_DR5TT was
digested with BsrGI (correct bands: 2770bp, 361bp, Figure E.5). Selected clones were
then sequenced with m13F and m13R to verify the sequence of the inserted gene.
Glycerol stocks were prepared from a single sequence verified clone for each construct
and stored at -80 oC. The same clone was further used as ENTRY clone in LR reactions
to obtain reporter contructs (shown in Table 6).
2.2.4 LR recombination of reporter and destination vector
One of the sequence - verified clone for each AuxRE variant was used in LR cloning
reactions (explained in section 2.1.4) with destination vector (pCAMGFP:GW-GUS)
(shown in Table 6) to obtain reporter constructs. After LR cloning, heat shock
transformation was done with DH5α, as previously described (section 2.1.3) and
recovered cells were plated on kanamycin (0.05 mg/ml) LB agar plates and allowed to
incubate for 16 hr at 37oC. Eight colonies of each case were selected for plasmid isolation
followed by restriction digestion with Hind III enzyme for pCAMGFP:ER7GG-GUS
(expected bands: 11509bp, 470bp, Figure E.2), Hind III for pCAMGFP:ER7TC-GUS
(expected bands: 11509bp, 470bp, Figure E.4) and pCAMGFP:DR5TT-GUS (expected
bands: 11509bp, 460bp, Figure E.6) (shown in Appendix E). Selected clones were then
sequenced to verify the recombination junction to finalize desirable clones. Glycerol
stocks were prepared from a single sequence verified clone for each construct and stored
at -80 oC.
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2.2.5 Electroporation of Agrobacterium tumefaciens EHA105 competent cells
A single sequence-verified plasmid of pCAMGFP:ER7GG-GUS, pCAMGFP:ER7TCGUS and pCAMGFP:DR5TT-GUS in each case was used in electroporation of
Agrobacterium tumefaciens strain EHA105 (described in section 2.1.7). The cells were
plated on prewarmed rifampicin (0.05mg/ml) plus kanamycin (0.05mg/ml) LB/Agar
plates and incubated at 30oC for 48 hrs. Glycerol stocks were made from few colonies for
each construct and stored at -80 oC.
2.3 Agroinfiltration in Nicotiana benthamiana
For tobacco (Nicotiana benthamiana) infiltration, a modified protocol described by
Nassuth et al. (2014) and Santin et al. (2017) was used.
2.3.1 Plant material
Nicotiana benthamiana plants were grown up to 6-8 leaf stage (4 – 5 weeks) in a growth
chamber using the following growth conditions 16 hours of daylight and 8 hours of night,
50% humidity with 25⁰C during the daytime and 20⁰C during the nighttime. One plant in
each individual pot was grown and eighteen pots were placed in one tray. Each tray was
watered with distilled water and Hoagland solution separately three times a week. When
plants were ready after 4-5 weeks, syringe infiltration was done like explained in section
2.3.3.
2.3.2 Bacterial culture preparation
Agrobacterium tumefaciens EHA105 cells with desired constructs were grown in sterile
tubes with 10 ml of LB mixed with 10 µL of rifampicin (0.05 mg/mL) for EHA105 and
the appropriate antibiotic (Kanamycin (0.05 mg/ml) for pCAMGFP vector and
Spectinomycin (0.05 mg/ml) for PK2GW7 vector). Bacterial cultures were grown in a 30
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°C incubator and was shaken at 200rpm for 16 hrs. The bacterial cells were centrifuged at
5000xg rcf for 15 min at 4 °C. The cell pellet was resuspended with 5 ml of chilled sterile
water and again centrifuged at 5000xg rcf for 15 min at 4 °C. Finally, the pelleted cells
were resuspended with resuspension buffer (described in Table 12, Appendix C) to OD
of 0.5-0.6 (Note: always keep bacteria in ice before adding resuspension buffer) and
incubated at room temperature for 2 hrs. After 2 hrs incubation bacterial culture was
ready for infiltration.
For coinfiltration, the necessary bacterial cultures were resuspended with resuspension
buffer to make OD of 0.5-0.6. Then different bacterial cultures to be coinfiltrated were
mixed in equal volume and were incubated for 2 hrs at room temperature. After 2 hrs of
incubation bacterial culture was ready for coinfiltration. After infiltration, the infiltration
plants were kept back to growth chamber and watered normally. Finally leaf discs were
harvested after 100 hrs of incubation.
2.3.3 Infiltration
After bacterial culture was ready for infiltration or for coinfiltration, all the materials
needed (1ml needleless syringe, gloves, paper towel, and tubes with bacterial culture) for
infiltration was made ready and transported to growth chamber for infiltration. Plants
with good healthy leaves were selected for each case and leaves were well labelled with
permanent marker before infiltration. Two to three full open and healthy leaves were
used from one plant and were infiltrated with different constructs. One leaf was divided
into two section with mid leaf vein and were infiltrated with 2 different constructs
(shown in Figure 2.1). Finally, infiltration was done from the abaxial surface of leaf with
sterile 1 ml needle less syringe (Cat # 14823434, Fisher Scientific, CA). After
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completion of infiltration infiltrated plants were then placed back to growth chamber and
were watered normally. After 100 hrs of incubation leaf discs were harvested and used
for further steps to make a sample.

Figure 2.1: Agrobacterium infiltration of tobacco leaves. A: Figure showing the
labeling on tobacco leaves using permanent marker with different vectors, B: Figure
showing abaxial surface of tobacco leaf after infiltration.

2.3.4 Leaf disc harvesting
Before harvesting all the tubes and petri dishes were labelled and kept on ice to keep
them chilled. Leaf discs (approximately 6 mm diameter) encompassing the site of
infiltration were harvested using a sterile blade and were collected in labelled petri dishes
in ice. Three to four discs of each case was collected to prepare one replicate sample for
each reporter-effector combination (shown in Figure 2.2). The collected leaf discs were
immediately frozen under liquid nitrogen and ground to a powder in 1.5 ml Eppendorf
tubes using autoclaved micro pestles. Ground leaves were submerged in chilled
extraction buffer (Table 13, Appendix C) and incubated on ice for 1 hr. The volume of
extraction buffer was calculated according to the number of leaf discs (50 µL for each 6
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mm disc). The tubes with submerged sample were centrifuged at maximum speed (15000
rpm) for 10 min at 4 °C. The supernatant (protein samples) was collected in fresh, sterile,
and labelled 1.5 ml Eppendorf tubes, and stored at 4 °C and used for further analysis.

Figure 2.2: Schematic showing how leaf discs were pooled from independent
infiltrations to constitute and sample and steps involved in preparation of the pooled
leaf material for GUS assay.

2.4 Sample analysis
2.4.1 Protein quantification by using bradford reagent
Total protein concentration of the samples was quantified using Bradford assay. Serial
dilution of BSA (0, 0.025, 0.05, 0.1, 0.25, 0.5, 1 mg/ml) was used to generate a standard
curve for protein quantification. Bradford reagent was diluted (2 ml dye + 8 ml DDI) and
was incubated on ice with aluminum foil wrapping. Equal volume (10 µL) of each
sample and 200 µL diluted Bradford reagent were added to wells of a 96 well plate with
clear sides and bottom (Cat # 3603). Absorbance was measured in a Biotek Synergy 2
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plate reader (Biotek, VT) with following protocol: Wavelength=595nm, top 50%, 10 sec
shaking, 96 well plates. After measurement of absorbance, standard curve was obtained
by plotting BSA concentrations against the absorbance values. Using Microsoft excel, a
formula for linear equation was derived and same formula was used to quantify protein
concentration of different protein sample of constructs. The volume of extract needed to
obtain 10 µg protein was calculated for each sample in order to use equal amount of
protein for GFP/GUS assay.
2.4.2 GFP/GUS assay
For Green Florescence Protein (GFP) assay, the volume of sample extract corresponding
to 10 µg total protein was added to white opaque 96 well plates and the volume was
made upto 100 µL using extraction buffer (Table 13, Appendix C). A multichannel
pipette was used to mix the sample and GFP fluorescence was measured using the
following protocol: Exc.

̴ 485/20nm /Ems ̴ 528/20nm, auto sensitivity, top 50%, xenon

laser, florescence. After GFP assay, 100 µL of chilled GUS assay buffer [4.4 mg MUG
(4-methylumbelliferyl b-D-glucuronide) + 5 ml extraction buffer] was added to each well
with protein sample and incubated for 10 min in 37 °C. Then, the GUS value was
measured over 2 hrs at 10 minutes interval using following protocol: Exc. ̴ 360nm /Ems
̴ 460nm, florescence, sensitivity 45, xenon laser, top 50%, 96 well plates, set temp. 37
°C. The time-course of GUS fluorescence was plotted using a line graph in excel and the
slope was calculated for each sample. Values were expressed either in GUS slope
/min/ug protein or in GFP/µg protein in excel sheet and used for further analysis.
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2.4.3 Statistical analysis
Tobacco plants infiltrated (as explained in Section 2.3.3) at the same time with different
constructs in one batch (tray) was considered as one biological replicate. Data from three
biological replicates were used for the analysis. Data were analyzed using one-way or
two-way analysis of variance using RStudio (version 3.6.0) followed by Fisher Least
Significant Difference (LSD) test to know about the significant differences (p<0.05)
among different constructs. The comparison between auxin and no auxin treatments
among each construct was determined using Student’s t-test (p<0.05).
2.5 Two color imaging
2.5.1 LR recombination for 2 color vector preparation
LR cloning was performed as described earlier in section 2.1.4 using destination vector
pCAM:2color-Gwox with entry clones (PCR8:GmARF8a and PCR8:GmARF16-2)
(shown in Table 4). Reactions were used to transform E. coli DH5α as previously
described (Section 2.1.3). Recovered cells were plated on kanamycin (0.05 mg/ml) LB
agar plates and allowed to incubate for 16 hr at 37oC. Eight colonies of each case were
selected, and plasmid preparations from these colonies were evaluated by restriction
digestion to identify those with expected digest patterns using BamHI for
pCAM:2color:GmARF8a (correct bands 10838bp, 3938bp, 309bp, Figure D.15) and for
pCAM:2color:GmARF16-2 (correct bands 10184bp, 4197bp, Figure D.16). Selected
clones were then sequenced to verify the recombination junction to finalize desirable
clones.
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2.5.2 Electroporation of Agrobacterium tumefaciens EHA105 competent cells
A single sequence-verified plasmid of pCAM:2colorGmARF8a and
pCAM:2colorGmARF16-2 in each case was used in electroporation of Agrobacterium
tumefaciens strain EHA105 (described in section 2.1.7) and the recovered cells were
plated on prewarmed rifampicin (0.05mg/ml) plus kanamycin (0.1mg/ml) LB/Agar plates
and incubated at 30oC for 48 hr. Glycerol stocks were made from few colonies and stored
in -80 oC freezer.
2.5.3 Infiltration to tobacco leaves
Infiltration of the bacterial culture with 2 color constructs was done like explained before
in section 2.3.2.
2.5.4 Imaging
After 100 hr of incubation, a section of the leaf encompassing the site of infiltration was
collected in a labelled petri dish on ice. The sections were transferred to microscopic
glass slides with 1-2 drops of water, covered with a glass cover slip to prepare for
imaging. The sections were imaged under a fluorescence microscope (Olympus DP 80)
for GFP epifluorescence with following condition: GFP UV filter, manual, exposer time 79.36 ms, gain: 1x, light minimum for minimizing auto florescence. The file was saved in
.tiff after doing burn in info.
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3. RESULTS
3.1 Selection of Agrobacterium tumefaciens strain for efficient GUS transfer
Three different strains of disarmed Agrobacterium tumefaciens (GV3101, 18r12v,
EHA105) were evaluated to determine the most suitable one for transient assays in
Nicotiana benthamiana. Each strain was transformed with the reporter constructs
pCAMGFP-DR5:GUS and pCAMGFP-35s:GUS independently. Four-week-old N.
benthamiana plants were infiltrated with different combinations of reporter
constructs and Agrobacterium strains. Non-infiltrated leaves, and those infiltrated
with water or Agrobacterium competent cells were used as control. After 48 hours
of incubation, leaf discs were harvested and prepared for GUS/GFP assays
(described in Materials and Methods Subsection 2.3.4). The GUS activity slope
from all controls, the non-infiltrated leaves, water-infiltrated leaves and leaves
infiltrated with competent cell were minimal in value confirming that there was no
background GUS activity in tobacco leaves or Agrobacterium cells (Figure 3.1). The
mean comparison between strains showed no significant difference (P<0.05;
Appendix G, Table 14); however, strain EHA105 showed significantly higher GUS
values than GV3101 and 18r12v (Appendix G, Table 15). The GUS slope value
when compared among constructs including controls did not show any significant
difference (Appendix G, Table 16). Leaves infiltrated with EHA105-35s:GUS had
significantly higher GUS slope values compared to all three controls and leaves
infiltrated with 18r12v-35s:GUS. This suggested that, EHA105, with at least one of
the reporter construct (35s:GUS), was able to transfer GUS more efficiently. Thus,
EHA105 strain of Agrobacterium tumefaciens was selected for further experiment

40
with the consideration of efficient GUS transfer ability as well as for providing
reproducible results compared to the other strains.

Figure 3.1: GUS slope values in tobacco leaves infiltrated with different reporter
constructs used for the selection of A. tumefaciens strain for efficient GUS transfer.
The lower alphabets above each box represent the mean comparison among
different strains. Error bar represents standard error (3 biological replicates,
ANOVA test, p<0.05, n=27).
3.2 Effect of GmARF8a and GmARF16-2 on DR5:GUS
Co-infiltration of the effector and reporter constructs together is crucial to determine
transactivation or repression activities of GmARF16-2 and GmARF8a. Effector
constructs were prepared by cloning GmARF8a and GmARF16-2 independently in
destination vector PK2GW7 through LR (described in Materials and Method subsection 2.1.4) and co-infiltrated with the reporter construct pCAMGFP-DR5GUS.
DR5 (direct repeat 5) is a synthetic AuxRE which contains seven direct repeats of
the TGTCTC element with 5 nucleotides spacing between them (shown in Appendix
F, Figure F.1) (Ulmasov et al., 1997). PK2GW7 empty vector (EV) was used as
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control effector construct and leaves infiltrated with water was used as control for
the infiltration. The GUS activity slope from leaves infiltrated with DR5:GUS + EV
was higher than that observed from water-infiltrated leaves suggesting that there
was background activation of DR5:GUS likely by endogenous ARFs in N.
benthamiana (Figure 3.2). GUS activity in leaves infiltrated with DR5:GUS +
GmARF8a was also higher than that of water-infiltrated leaves, but was not higher
than the background activity. This suggested that either GmARF8a did not
successfully transactivate DR5:GUS or the background activity was saturating.
However, leaves infiltrated with DR5:GUS + GmARF16-2 showed significantly
higher GUS activity than GmARF8a suggesting that GmARF16-2 was able to
transactivate DR5:GUS. This was somewhat unexpected as GmARF8a and
GmARF16-2 are classified as activator and repressor ARFs, respectively, based on
their sequence homology with other known ARFs (Ulmasov et al., 1999; Van Ha et
al., 2013; Wang et al., 2015).

Figure 3.2: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs (GmARF8a, GmARF16-2) and reporter construct
(pCAMGFP-DR5:GUS) for co-infiltration verification. The lower alphabets above
each box represent the mean comparison among different constructs. Error bar
represents standard error (Nine biological replicates, ANOVA test, p<0.05, n=36).
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3.3 Co-expression of GmARF8a and GmARF16-2 from a single destination vector
In the above experiment with co-infiltration, the effector and reporter cassettes were
on two different plasmids. Transactivation can be effectively assayed only in those
plant cells that receive and express both cassettes. Therefore, the unexpected results
observed could be due to some cells receiving only the reporter construct and not
the effector construct. Therefore, we evaluated if co-expressing both the reporter
and effector cassettes from the same plasmid produces the same results as coinfiltration. For this experiment, pCAM:2Color-GWOX (Suzaki et al., 2012;
Zürcher et al., 2013) construct that contains a DR5:GFP-NLS reporter construct and
SUbip:Gateway over-expression cassette was used. GmARF8a and GmARF16-2
were cloned into the pSUbi:GW cassette of pCAM:2color GWOX and infiltrated
into tobacco leaves. Twelve spots (four each from three independent leaves) were
imaged for each construct to assess transactivation. Tobacco leaves infiltrated with
pCAM:2color empty vector (EV) was used as a control for imaging. GFP expression
of leaves infiltrated with pCAM:2color-GmARF8a was very low when compared
with leaves infiltrated with EV suggesting that GmARF8a did not transactivate
DR5:GFP-NLS at detectable levels (shown in Figure3.3). However, leaves
infiltrated with pCAM:2color-GmARF16-2 (effector) and DR5:GFP-NLS (reporter)
showed clearly detectable GFP expression compared EV leaves suggesting the
transactivation of DR5:reporter construct by GmARF16-2 (shown in Figure3.3).
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Figure 3.3: DR5:GFP-NLS expression in tobacco leaf cells 100 hrs post infiltration
with pCAM:2color empty vector (EV), GmARF8a (8a), and GmARF16-2 (16-2)
captured by fluorescence microscope (Olympus DP 80) using a GFP UV filter was
used for GFP epifluorescence. Green dots indicate GFP expressed cells. Scale bars =
100 µm
Thus, results from experiments involving co-infiltration and co-expression of the
reporter and effector cassettes yielded similar conclusions. This suggested that
indeed GmARF8a did not transactivate DR5:reporter constructs at levels higher than
the background and that GmARF16-2 is able to transactivate the DR5:reporter in the
N. benthamiana transient assay system.

3.4 Synergistic activation of DR5:GUS (canonical AuxRE) by GmARF8a and
GmARF16-2
We had previously hypothesized that the balance between activator property of
GmARF8a and repressor property of GmARF16-2 dictates auxin response output.
To evaluate this, we sought to express both effectors from the same plasmid
construct and co-infiltrate them with reporters of interest. PK2GW7 contains two
expression cassettes: 1. CaMV:35S promoter in front of a gateway cloning site and
2. NOS promoter driving the expression of aminoglycoside phosphotransferase gene
(Kanamycin resistant gene) for use as selection marker. Since, no antibiotic
selection is necessary for N. benthamiana transient assays, the coding sequence of
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aminoglycoside phosphotransferase gene (Kanamycin resistant gene) was removed
using restriction enzymes (Bsu36I and AFlII) and replaced with the coding sequence
of GmARF8a using infusion cloning (as described in Materials and Methods, subsection 2.1.5). The PK2GW7-NOSp:GmARF8a-35Sp:GW vector was ready to be
used as a base vector where an ARF of interest could be added behind the 35S
promoter by LR cloning for co-expression. A construct with both ARFs
(PK2GW7:GmARF8a:GmARF16-2) was generated (Figure 3.4).

Figure 3.4: Schematic showing the modification of PK2GW7 vector to prepare the
destination vector with both GmARF8a and GmARF16-2 effectors. The two
different cloning methods used to integrate the two cassettes are shown. pNOS =
NOS promorter, tNOS = NOS terminator, P35s = 35s promorter, t35s = 35s
terminator.

The PK2GW7:GmARF8a:GmARF16-2 (effector construct) was co-infiltrated with
the reporter construct, pCAMGFP-DR5:GUS. Tandem direct repeats of AuxRE in
DR5 do not provide access for dimerization unlike in case of palindromic AuxREs
(evert repeat) sequences (Ulmasov et al., 1999). For this experiment, PK2GW7
empty vector (EV) was used as control effector construct and leaves infiltrated with
water was used as control for the infiltration. The GUS activity slope from leaves
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infiltrated with DR5:GUS + PK2GW7 EV was higher than that observed from
water-infiltrated leaves suggesting the presence of background activation of
DR5:GUS reporter likely by endogenous ARFs in N.benthamiana (Figure 3.5). In
addition, like previous result (Figure 3.2) GUS activity in leaves infiltrated with
DR5:GUS + GmARF8a was higher than that of water-infiltrated leaves, but not in
comparison with the background activity. This suggested that either GmARF8a did
not successfully transactivate DR5:GUS or the background activity was saturating.
However, leaves infiltrated with DR5:GUS + GmARF16-2 showed significantly
higher GUS activity than the background confirming transactivation. Interestingly,
leaves infiltrated with DR5:GUS + GmARF8a + GmARF16-2 showed the highest
GUS activity slope value which was significantly higher than either GmARF16-2 or
GmARF8a alone. This observation suggested that GmARF8a and GmARF16-2 had
a synergistic effect on transactivation of DR5:GUS. The mechanism contributing to
this synergy remains to be identified.

Figure 3.5: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs (GmARF8a, GmARF16-2) and reporter construct
(pCAMGFP-DR5:GUS). The lower alphabets above each box represent the mean
comparison among different constructs. Error bar represents standard error (3
biological replicates, ANOVA test, p<0.05, n=15).
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3.5 Evaluating the role of PB1 domain in activation by GmARF10/ARF16/ARF17
family of ARFs
Unlike class A and B ARFs, GmARF16-2 does not have the PB1 domain. But
within class C ARFs, there are members that have a full PB1 domain, partial PB1
domain or no PB1 domain. To evaluate if PB1 domain of ARFs plays a role in
transactivation and/or interaction with GmARF8a, different class C ARFs
(GmARF10/ARF16/ARF17) were selected for co-expression experiments based on
the results of phylogenetic tree (Multialign software, Figure 3.6), multiple alignment
(Multialign software, Figure 3.7). GmARF10-4 (full PB1 domain), GmARF16-3
(partial PB1 domain) and GmARF17-2 (no PB1 domain) were selected for this
experiment. Each ARF was co-infiltrated with DR5:GUS reporter and GUS activity
slope was calculated. PK2GW7 empty vector (EV) was used as control effector
construct and leaves infiltrated with water was used as control for the infiltration.
The GUS slope activity obtained from PK2GW7 EV was higher than that of waterinfiltrated leaves suggesting the presence of background activation of DR5:GUS
reporter gene by endogenous N.benthamiana ARFs. In addition, leaves infiltrated
with DR5:GUS + GmARF8a, DR5:GUS + GmARF10-4, DR5:GUS + GmARF162, DR5:GUS + GmARF16-3 and DR5:GUS + GmARF17-2 were giving
significantly similar GUS slope activity which was higher than GUS value of waterinfiltrated leaves, but not than PK2GW7 EV which suggested that background
activation of DR5:GUS by endogenous ARFs of tobacco might be saturating (Figure
3.8). Since, GmARF16-3 was giving numerically higher value among all other
GmARFs, GmARF16-3 was selected for further experiment among all other class C
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ARFs. Thus, there was no significant difference between the GUS slope activity of
ARFs with different PB1 domain (ARF10/ARF16/ARF17) and PK2GW7 EV
suggesting presence of high background noise from N. benthamiana ARFs in this
experiment. Another reason for no transactivation by any ARFs also might be
because of the failure of the experiment; thus more replication would help to
provide complete information about PB1 domain role in activation by GmARF16-2.

Figure 3.6: Phylogenetic tree (distant matrix method) using full length sequences of
soybean and Arabidopsis ARF 8/10/16/17. Numbers in tree denotes the genetic
distance between sequences in arbitrary unit.
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Figure 3.7: Comparison of soybean class C ARFs using multialignment.
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Figure 3.8: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs having different PB1 domain with the reporter
construct (pCAMGFP-DR5:GUS). The lower alphabets above each box represent
the mean comparison among different constructs. Error bar represents standard error
(3 biological replicates, ANOVA test, p<0.05, n=21).

3.6 GmARF16-3 and GmARF8a synergistically activate pCAMGFP-DR5:GUS
To determine the transactivation in the presence of exogenous auxin, the infiltration
buffer was supplemented with 1-Naphthaleneacetic acid (NAA) to a final
concentration of 50µM. Then, similar co-infiltration procedure was performed with
effector (ARFs) and reporter (DR5) construct. For this experiment, PK2GW7 empty
vector (EV) was used as control effector construct and leaves infiltrated with water
was used as control for the infiltration. When GUS slope value of all effector was
compared in case of no auxin experiment only, the GUS slope activity of DR5:GUS
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+ PK2GW7 EV was significantly similar with water-infiltrated leaves suggesting
very minimum activation on background.
In addition, GUS slope value from leaves infiltrated with DR5:GUS + GmARF8a,
DR5:GUS + GmARF16-2 and DR5:GUS + GmARF16-3 were similar with GUS
value of background suggesting the presence of higher activation on background
with DR5:GUS reporter (Figure 3.9). However, leaves infiltrated with DR5:GUS +
GmARF8a + GmARF16-2 was giving significantly higher GUS slope activity value
than background and also than alone GmARF16-2 suggesting the compatibility of
transactivation by GmARF16-2 when it is infiltrated with GmARF8a and DR5:GUS
reporter. In addition, infiltrated leaves with DR5:GUS + GmARF8a + GmARF16-3
was also giving significantly higher GUS activity than background and GmARF163 alone. These results suggested, it might be possible that soybean class C ARFs
(ARF16-2 and ARF16-3) can act as activator when infiltrated with DR5:GUS
reporter because of their preference in binding with DR5 elements as DR5 did not
allow for dimerization. In addition, they activate even higher when infiltrated with
class C ARFs + GmARF8a together with DR5:GUS reporter.
On the other hand, when exogenous auxin was supplied to the experiment by
keeping all other experimental factor constant, the calculated GUS activity slope
(Figure 3.10) was on similar trend like shown before from no auxin treatment
(Figure 3.9).The GUS slope value of DR5:GUS + PK2GW7 EV was significantly
higher than water infiltrated leaf suggesting the presence of background
transactivation by tobacco ARFs. However, GUS slope value of leaves infiltrated
with DR5:GUS + GmARF8a and DR5:GUS + GmARF16-2 was significantly
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similar with the background suggesting inability of GmARF8a and GmARF16-2 to
transactivate DR5:GUS. Interestingly, the GUS value of leaves infiltrated with
DR5:GUS + GmARF16-3 was higher than background as well as from GmARF8a
but it was significantly similar with GUS value from leaf infiltrated with DR5:GUS
+ GmARF16-2, DR5:GUS + GmARF8a + GmARF16-2 and DR5:GUS +
GmARF8a +GmARF16-3. This suggested that, there was transactivation of
DR5:GUS by GmARF16-3.
In addition, no significant difference observed when the GUS slope value from leaf
infiltrated with each individual effector construct was compared between auxin and
no auxin treatments. This suggested that, exogenous auxin supply has no effect in
GmARF8a and GmARF16-2 transactivation when infiltrated with pCAMGFPDR5:GUS.

Figure 3.9: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct DR5:GUS in absence of
auxin. The lower alphabets above each box represent the mean comparison among
different constructs. Error bar represents standard error (4 biological replicates,
ANOVA test, p<0.05, n=28).
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Figure 3.10: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct DR5:GUS in presence of
auxin. The alphabets above each box represent the mean comparison among
different constructs. Error bar represents standard error (4 biological replicates,
ANOVA test, p<0.05, n=28).
3.7 GmARF8a, but not GmARF16-2 transactivates ER7TC:GUS
GmARF16-2 was clearly showing transactivation when infiltrated with DR5:GUS
reporter, direct repeat of TGTCTC element spaced by 5 nucleotides (Appendix F,
Figure F.1), whereas no transactivation was observed by GmARF8a. According to
the hypothesis mentioned in Section 1.8, GmARF16-2 was expected to
heterodimerize with GmARF8a and/or compete with GmARF8a for same AuxREs
elements. The importance of AuxRE orientation (preference for direct or evert) for
transactivation by GmARF16-2 was evaluated with the AuxRE element ER7TC
(evert repeat of TGTCTC with 7 nucleotides spacing; Appendix F; Figure F.1). This
evert repeat is also known as palindromic sequence of AuxREs elements (Ulmasov
et al., 1999) which provide access for dimerization between different ARFs through
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DD domain (Boer et al., 2014). Since GmARF8a would be stable in dimerized form
in palindromic AuxREs (Boer et al., 2014), an experiment using ER7TC would help
determine if the inability of GmARF8a to transactivate DR5:GUS was because of its
inability to form stable dimers on DR5 element. Since GmARF16-2 was able to
transactivate DR5:reporter (direct repeat of TGTCTC elements with 5 nucleotide
spacing), result of GUS slope values from using ER7TC:reporter would help
determine if GmARF16-2 prefers the AuxRE TGTCTC sequence regardless of
orientation or GmARF16-2 prefers direct repeat AuxREs only as they favor
monomer bindings.
A co-infiltration experiment with ARF8a and ARF16-2 effector constructs and
ER7TC:GUS reporter construct was performed. For this experiment, PK2GW7
empty vector (EV) was used as control effector construct and leaves infiltrated with
water was used as control for the infiltration. The GUS slope value of leaves
infiltrated with ER7TC:GUS + PK2GW7 EV was significantly similar with water
infiltrated leaves suggesting presence of less background interference from
transactivation by tobacco ARFs (Figure 3.11). GUS slope value from the leaf
infiltrated with ER7TC + GmARF8a infiltrated leaves was giving higher GUS slope
value than background suggesting the presence of transactivation of ER7TC:GUS
by GmARF8a. However, ER7TC + GmARF16-2 was not higher than background
suggesting inability of GmARF16-2 to transactivate ER7TC:GUS . Also, the GUS
slope value of leaves infiltrated with ER7TC + GmARF8a + GmARF16-2 was
significantly higher than background but was similar with GUS slope value of
GmARF8a and GmARF16-2. This suggested that, GmARF8a was able to
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transactivate ER7TC:GUS, an AuxRE which favors dimerization of ARFs. In
addition, it also suggested that, GmARF16-2 might prefer direct repeat rather than
evert repeat since there was no transactivation when compared with DR5:GUS and
ER7:GUS reporters which had same AuxREs element. In addition, the synergistic
activation interaction between GmARF8a and GmARF16-2 observed on DR5:GUS,
was not observed on ER7TC:GUS.
On the other hand, when exogenous auxin was supplied to the experiment by
keeping all other experimental factor constant, the calculated GUS activity slope
(Figure 3.12) was on similar trend like shown before from no auxin treatment
(Figure 3.11).
In addition, no significant difference observed when the GUS slope value from leaf
infiltrated with each individual effector construct was compared between auxin and
no auxin treatments. This suggested that, exogenous auxin supply has no effect in
GmARF8a and GmARF16-2 transactivation when infiltrated with pCAMGFPER7TC:GUS.

Figure 3.11: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct ER7TC:GUS in absence
of auxin. The lower alphabets above each box represent the mean comparison
among different constructs. Error bar represents standard error (3 biological
replicates, ANOVA test, p<0.05, n=15).
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Figure 3.12: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct ER7TC:GUS in presence
of auxin. The lower alphabets above each box represent the mean comparison
among different constructs. Error bar represents standard error (3 biological
replicates, ANOVA test, p<0.05, n=15).

3.8 GmARF8a, but not GmARF16-2 transactivates ER7GG:GUS.
From the previous experiments, it was concluded that the orientation of AuxREs
likely influencing the dimerization ability of the ARFs was a key determining factor
of transactivation ability. To evaluate competitive binding of ARFs on other AuxRE
elements, transactivation of ER7GG was evaluated in this experiment. ER7GG is a
evert repeat of TGTCGG elements spaced by 7 nucleotides. Arabidopsis ARF5
(activator ARF) (Boer et al., 2014), GmARF8a (Schreier et al., 2019) bind with
higher affinity to ER7GG compared to ER7TC.
A co-infiltration experiment with ARF8a and ARF16-2 effector constructs and
ER7GG:GUS reporter construct was performed. For this experiment, PK2GW7
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empty vector (EV) was used as control effector construct and leaves infiltrated with
water was used as control for the infiltration. The GUS slope activity of
ER7GG:GUS + PK2GW7 EV was higher than water infiltrated leaves suggesting
the presence of some background transactivation by tobacco ARFs (Figure 3.13).
The GUS slope value of leaves infiltrated with ER7GG:GUS + GmARF16-2 was
not significantly higher than background suggesting that there was no
transactivation of ER7GG:GUS by GmARF16-2. Interestingly, the GUS slope value
from leaves infiltrated with ER7GG + GmARF8a was significantly higher than
background. This suggested the ability of GmARF8a to transactivate ER7GG:GUS.
Although, GUS slope values with ER7GG + GmARF8a + GmARF16-2 was
significantly higher than background as well as from GmARF16-2, it was not
significantly higher than that of GmARF8a alone. Thus, there was transactivation of
ER7GG:GUS by GmARF8a suggesting the preference and stability of GmARF8a
with ER7GG as it could form stable homodimer compared to GmARF16-2. On the
other hand, when exogenous auxin (50µM NAA) was supplied to the experiment by
keeping all other experimental factor constant, the calculated GUS activity slope
(Figure 3.14) was on similar trend like shown before from no auxin treatment
(Figure 3.13).
In addition, no significant difference was observed when the GUS slope value from
leaf infiltrated with each individual effector construct was compared between auxin
and no auxin treatments, except for GmARF16-2. This suggested that, exogenous
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auxin supply has no effect in GmARF8a and GmARF16-2 transactivation when
infiltrated with pCAMGFP-ER7GG:GUS.

Figure 3.13: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct ER7GG:GUS in absence
of auxin. The lower alphabets above each box represent the mean (log transformed)
comparison among different constructs. Error bar represents standard error (3
biological replicates, ANOVA test, p<0.05, n=15).

Figure 3.14: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct ER7GG:GUS in presence
of auxin. The lower alphabets above each box represent the mean (log transformed)
comparison among different constructs. Error bar represents standard error (3
biological replicates, ANOVA test, p<0.05, n=15)
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3.9 GmARF16-2 might repress DR5TT:GUS in the presence of auxin
We also evaluated another AuxRE, DR5TT (direct repeat of TGTCTT with 5
nucleotide spacing) (Appendix F, Figure F.1). The experiment using DR5TT:GUS
reporter would help to know if GmARF16-2 can transactivate when infiltrated with
any another direct repeat AuxREs or it prefers canonical DR5 elements only.
Thus, infiltration was done with effector constructs combining with DR5TT:GUS
reporter. For this experiment, PK2GW7 empty vector (EV) was used as control
effector construct and leaves infiltrated with water was used as control for the
infiltration. The GUS slope value of leaves infiltrated with PK2GW7 EV was higher
than water infiltrated leaves suggesting the presence of background activation by
tobacco ARFs (Figure 3.15). Co-infiltration of GmARF8a, GmARF16-2 or
GmARF8a + GmARF16-2 did not significantly alter GUS activity. It suggested that,
there was very high interference of N. benthamiana ARFs when reporter
DR5TT:GUS was used. This might be because of preference of tobacco ARFs to
bind with DR5TT element or because of the inability of the evaluated ARFs to
transactivate DR5TT:GUS.
On the other hand, when exogenous auxin was supplied to the experiment by
keeping all other experimental factor constant, the calculated GUS activity slope
(Figure 3.16) was on similar trend like shown from no auxin treatment (Figure
3.15). However, GUS slope of leaves infiltrated with GmARF16-2 was significantly
lower than that of the empty vector suggesting that GmARF16-2 might repress
DR5TT:GUS in the presence of auxin.

59
In addition, no significant difference was observed when the GUS slope value from
leaf infiltrated with each individual effector construct was compared between auxin
and no auxin treatments.

Figure 3.15: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct DR5TT:GUS in absence
of auxin. The lower alphabets above each box represent the mean comparison
among different constructs. Error bar represents standard error (3 biological
replicates, ANOVA test, p<0.05, n=15).

Figure 3.16: GUS slope values in tobacco leaves infiltrated with different
combination of effector constructs with reporter construct DR5TT:GUS in presence
of auxin. The lower alphabets above each box represent the mean comparison
among different constructs. Error bar represents standard error (3 biological
replicates, ANOVA test, p<0.05, n=15).
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4. DISCUSSION
4.1 Transactivation of DR5:GUS reporter by GmARF16-2
ARFs belonging to the 10/16/17 families (which are targets of miR160) are
proposed to be repressor ARFs (Mallory et al., 2005) because of the presence of
proline and serine rich middle regions both in Arabidopsis (Tiwari et al., 2003) and
soybean (Turner et al., 2013). Overexpression of miRNA160 that targets
ARF10/ARF16/ARF17 family led to increased lateral root (LR) density in
Arabidopsis (Wang et al., 2005) suggesting a potential increase in sensitivity to
auxin. Furthermore, a mutation in miR160 resulting in increased expression of
ARF10/ARF16/ARF17 led to auxin resistant phenotypes (Liu et al., 2010). These
observations suggested that ARF10/ARF16/ARF17 family members might be
repressor ARFs. In contrast, previous work done in Arabidopsis showed that ARF10
and ARF16 (targets of miR160) are involved into the regulation of the WOX5, a
major regulator of the stem cell activity, and thus contribute to the auxin-mediated
distal stem cell differentiation (Ding and Friml, 2010). In soybean, overexpression
of miRNA160 results in reduced expression of GmARF10/ARF16/ARF17 family
members, and these roots were hypersensitive to auxin as assayed by the effect of
exogenous auxin on root growth, lateral root density, expression of DR5:GUS, and
expression of endogenous auxin-inducible marker genes (Turner et al., 2013). In
agreement, suppression of miR160 and increased abundance of
GmARF10/ARF16/ARF17 family members resulted in auxin resistant phenotypes
as assayed by the expression of DR5:GUS and endogenous auxin-responsive marker
genes (Nizampatnam et al., 2015).
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Based on the sequence homology with known ARFs, GmARF8a and GmARF16-2
are classified as activator and repressor ARFs, respectively (Ulmasov et al., 1999;
Van Ha et al., 2013; Wang et al., 2015). In Arabidopsis, miR167 targets ARF8a and
controls lateral root development in response to nitrate availability (Gifford et al.,
2008). Similarly, overexpression of miRNA167c in soybean resulted in suppression
of GmARF8a and GmARF8b positively regulating nodule formation and root
architecture. Thus, silencing of GmARF8a and GmARF8b was required for
optimum nodule formation which supports the fact that reduced auxin signaling
favors nodulation (Wang et al., 2015).
However, our results showed transactivation of GmARF16-2 when infiltrated with
DR5:GUS (canonical AuxRE) (Figure 3.2) which might be attributed to the AuxRE
orientation provided. Auxin response factors are known to stabilize and function
efficiently when they are in dimerized or multimerized form (Ulmasov et al., 1999;
Farcot et al., 2015). The presence of palindromic AuxRE elements (evert repeat
(ER)) (Ulmasov et al., 1999) helps to stabilize ARF either through the interaction of
ARF dimerization domain (DD domain) (Boer et al., 2014) or protein-protein
interaction with PB1 domain (Korasick et al., 2014; Nanao et al., 2014). However,
unlike the homo- and heterodimerization formation in class A ARFs (GmARF8a,
AtARF5) (Figure 4.1), GmARF16-2 did not form any homo- or heterodimerization
as revealed by Yeast-2-Hybridization assays (Petla et al., unpublished data,
Subramanian lab). It is possible that GmARF16-2 monomers can effectively bind
AuxREs with direct repeat (which does not favor dimerization of ARFs) and
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therefore transactivate DR5:GUS; whereas, GmARF8a was not able to transactivate
DR5:GUS which might be because of unstable monomers.

Figure 4.1: Yeast 2 Hybridization with different class A and class C DNA Binding
Domains (DBD) to evaluate the dimerization ability of ARFs. Blue coloration
indicates positive interaction between two ARFs. AD and BD indicate activation
domain and binding domain fusions.

Previous research had shown that there are 38 ARFs and 45 Aux/IAA (orthologous
to tomato) in Nicotiana benthamiana giving full opportunity for the interaction
between Aux/IAA and ARFs (Kumar et al., 2015). There might be the presence of
very high level of N. benthamiana Aux/IAA proteins in leaves resulting in the
interaction between NbIAAs and GmARFs. The failure of transactivation by
GmARF8a with DR5:GUS in presence of high Aux/IAA levels can be attributed to
two possible reasons; first, GmARF8a might be in a weak condition as it cannot
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form dimer in direct repeat and second, Aux/IAA form heterodimer with activator
ARFs (Tiwari et al., 2001; Korasick et al., 2014) and repress the GmARF8a activity.
Addition of exogenous auxin did not affect transactivation by both GmARF8a and
GmARF16-2 (Figure3.10) Similar result was seen where level of mRNA of ARF
genes (ARF1, ARF2, ARF4, ARF5, ARF6, ARF7, ARF8) in Arabidopsis did not
increase when treated with 50µM NAA (Ulmasov et al., 1999). In contrast, the level
of ARF16 transcripts was increased in Arabidopsis when treated with 50 µM IAA
for 5 h (Wang et al., 2005). It might be possible that higher concentrations of
exogenous auxin supply can differentially influence ARF transactivation; additional
experiments with different concentrations of auxin might provide a solid conclusion.
4.2 GmARF8a can transactivate when infiltrated with evert repeat AuxREs.
Unlike with DR5:GUS, GmARF8a was able to transactivate when infiltrated with
evert repeats, ER7TC (Figure 3.11) and ER7GG (Figure 3.13) which highlights the
fact of preference for palindromic AuxREs by GmARF8a. Similarly, the in vitro
experiment on binding assay showed higher binding affinity of GmARF8a with
ER7GG (Schreier et al., 2019). Since ARFs were known to dimerize through DD
domain to stabilize and function efficiently (Boer et al., 2014), GmARF8a should
have been strongly bound to palindromic AuxREs by forming dimerization with
other activator ARFs (may be GmARF8a or tobacco ARFs) which resulted in the
activation of ER7TC:GUS as well as ER7GG:GUS. However, GmARF16-2 was not
able to form dimerization (Figure 4.1) which might be attributed to failure in
transactivation of ER7TC and ER7GG. Auxin application did not change any
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transactivation of GmARF8a and GmARF16-2 with both ER7TC (Figure3.12) and
ER7GG (Figure 3.14), similar to DR5:GUS.
4.3. GmARF16-2 might repress DR5TT:GUS
Interestingly, PK2GW7 EV showed high transactivation of DR5TT:GUS (Figure
3.15) which might be possibly due to the preference of ARFs present on N.
benthamiana to bind to DR5TT. In addition, the significant decrease in
transactivation of DR5TT:GUS by GmARF16-2 when subjected to exogenous auxin
(Figure 3.16) might be because of the repression of N. benthamiana ARFs by
GmARF16-2. The study by Lieberman-Lazarovich et al. (2019) explained the
possible variation in strength and spatial profile of hormonal response by specific
response elements in Arabidopsis and tomato. In the similar manner, our results
showed variation in auxin response when subjected to different AuxREs.
It can be possible that GmARF16-2 can vary in its function in accordance to the
presence of different auxin signaling genes like AuxREs, Aux/IAA, activator ARFs
and SCFTIR complex. Thus, more experiment is necessary to determine the action of
GmARF16-2 and GmARF8a and their mechanisms involved in auxin signaling. In
addition, real time quantitative PCR (RT-qPCR) should be done to check the
abundance of auxin related genes like ARFs, Aux/IAA, PIN proteins etc. in
Nicotiana benthamiana to know about the background auxin genes levels present.

5. CONCLUSIONS
GmARF16-2 transactivated the direct repeat AuxRE-containing DR5:GUS reporter
suggesting that it can potentially act as an activator ARF; However, it failed to
transactivate evert repeat-containing reporters ER7TC:GUS and ER7GG:GUS. In
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contrast, GmARF8a, transactivated ER7GG:GUS and ER7TC:GUS, but not
DR5:GUS. It appears that monomeric ARFs not capable of dimerization are more
likely to bind and transactivate direct repeat or single-copy AuxREs and ARFs
capable of dimerization are more likely to bind and transactivate evert repeat
AuxREs. Evaluation of additional class A and class C ARFs on specific AuxRE
variants would reveal specific rules that determine the strength and outcome of
AuxRE-ARF interactions.
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Appendix A: Plant nutrient solution

Table 1. Composition of Hoagland solution
Chemical

Concentration
(mM)

Ca(NO3)2 • 4H2O

5.389

MgSO4 • 7H2O

2.029

KNO3

4.946

KH2PO4

0.989

Ferric sodium EDTA

0.089

Micronutrients

1x

Table 2. Composition of micronutrients
Micronutrients
(10000x)

g/100ml

H3BO3

0.142

MnCl2.4H2O

0.077

ZnSO4.7H2O

0.173

CuSO4.5H2O

0.037

Na2MoO4.2H2O

0.024

CoCl2.6H2O

0.003

NiSO4-

0.001
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Appendix B: Molecular cloning
Table 3: List of effector genes and their respective melting temperature (New York State Department of Environmental
Conservation) for PCR amplification and their expected amplicon size

Effector

Tm for PCR
(oC)

Expected
amplicon size
(bp)

GmARF8a

55

2500

GmARF10-4

53

2013

GmARF16-2

55

1800

GmARF16-3

53

2103

GmARF17-2

60

1656
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Table 4: List of effector expression clones obtained from combination of different entry clones and destination clone from LR
cloning
Entry clone

Destination clone

(Obtained from TOPO/TA
cloning)

Expression clone after LR
reaction (Effector clones)

PCR8:GmARF8a

PK2GW7

PK2GW7:GmARF8a

PCR8:GmARF8a

pCAM:2color-Gwox

pCAM:2color-GmARF8a

PCR8:GmARF10-4

PK2GW7

PK2GW7:GmARF10-4

PCR8:GmARF16-2

PK2GW7

PK2GW7:GmARF16-2

PCR8:GmARF16-2

pCAM:2color-Gwox

pCAM:2color-GmARF16-2

PCR8:GmARF16-3

PK2GW7

PK2GW7:GmARF16-3

PCR8:GmARF17-2

PK2GW7

PK2GW7:GmARF17-2
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Table 5: List of effector expression clones obtained from combination of different entry clones and modified destination clone
from infusion cloning
Entry clone

Destination clone

Expression clone after LR
reaction (Effector clones)

(Obtained from TOPO/TA
cloning)

(modified PK2GW7)

PCR8:GmARF16-2

PK2GW7:GmARF8a

PK2GW7:GmARF8a:GmAR162

PCR8:GmARF16-3

PK2GW7:GmARF8a

PK2GW7:GmARF8a:GmAR163

Table 6: List of reporter expression clones obtained from combination of different entry clones and destination clone from LR
cloning
Entry clone

Destination clone

Expression clone after LR
reaction (Reporter clones)

PCR8_Modified_ER7GG

pCAMGFP:GW-GUS

pCAMGFP:ER7GG-GUS

PCR8_Modified_ER7TC

pCAMGFP:GW-GUS

pCAMGFP:ER7TC-GUS

PCR8_Modified_DR5TT

pCAMGFP:GW-GUS

pCAMGFP:DR5TT-GUS

(Obtained from Golden gate
cloning)
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Table 7. Primers used for vector generation and sequencing
Name

Primer Sequence (5'-3')

1 GmARF8a/b/c F

ATGAAGCTTTCAACATCAG

GmARF8a.1 Rp-stop codon

TTA GTA TTC AAG GGA GCC AAT TGA TGG TAG

140 35S seq primer -200
141 35S terminator seq primer 150
9 GmARF16-2 F

ATG CCT CTG CCG ACA GTG

213 ARF16-2 Rp with stop codon

TTATAAAGCAATACACAATGTG

15 GmARF17-2 F

ATGTCTCCGCCGCAGCCCAG

236 GmARF 17-2 Rp with
stopcodon
11 GmARF16-3 F
237 GmARF 16-3 Rp with stop
codon

GGT TTC TTA TAT GCT CAA CAC ATG AGC
ATGTTTATGGTTATGGATTC

CTACTTTGAGAAATAACATGCCTCGAC
ATGCTATTTCAGGAATTTG
CTAGATTCCTCTACCATCGC

5 GmARF10-4 F
235 GmARF 10-4 Rp w stop
codon

ATGAAGGAAACAGACAAGAG

5 GmARF10-3/4 F

ATGAAGGAAACAGACAAGAG

55 GmARF8 seq1F

GAGGACAGCCAAAACGACACCTTC

56 GmARF8 seq 2F

TACCAAGCCATGTTTGCATCTGGTTT

57 GmARF8 seq 3F

GCAATGGTGCCACCACATTGTAACTC

TTAAGCAAATATACTGAGAGG
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64 GmARF10-4 seq 1F

AATGGGGATCTTTGCGTGGGGATT

65 GmARF10-4 seq 2F

AGGCAACCCCTTTGGGTCTTCTAG

66 GmARF10-4 seq 3F

TTGTACATGAGACTCGCTAACATGTTTGGA

70 GmARF16-2 seq 1F

GCTTGTTGCTGGGGACTCTATTGTGT

71 GmARF16-2 seq 2F

CTCCTAGAAAGAAACAACGTTTTCTTCAGGATCC

72 GmARF16-3 seq 1F

ACCGGGTGGAGTAGCTTTGTGAATC

73 GmARF16-3 seq 2F

GCCTACCATTCATCTTTCCCATTACTCAACA

74 GmARF16-3 seq 3F

CCATGGCTAGTTTGGAGACAGGTCAC

77 GmARF17-2 seq 1F

CCGTTGTTTTCGTCAAGGACTCCG

78 GmARF17-2 seq 2F

GACAGGGTTCCCTAACTCAACAGTGG

Table 8. Primers and gene fragments used for infusion cloning
Name

Primer Sequence (5'-3')

204 Fp to amplify ARF8a with
pnos

CGCGTTCAAAAGTCGCCT AAG GTC ACT ATC AGC TAG C

205 Rp to amplify ARF8a with
tnos

GCAACAGGATTCAAT CTTAAGAAACTTTATTGCCAAATGTTTGAACG

Gene fragment for infusion
cloning with GmARF8a
sequence

CCTAAGGTCACTATCAGCTAGCAAATATTTCTTGTCAAAAATGCTCCACTGA
CGTTCCATAAATTCCCCTCGGTATCCAATTAGAGTCTCATATTCACTCTCAA
CTCGATCGAGGCATGAAGCTTTCAACATCAGGGTTGGGTCAGCAGGGACAT
GAAGGAGGGGAGAAGAAGTGTTTGAATTCTGAGCTATGGCATGCATGCGC
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GGGTCCCTTGGTGTCCCTACCAACTGCAGGGACTCGTGTGGCTTATTTCCCT
CAGGGTCATAGCGAGCAGGTTGCTGCCACAACCAACAGAGAAGTTGATGGT
CACATACCCAATTACCCGAGTTTGCCACCCCAGTTGATTTGCCAACTTCACA
ATGTTACAATGCATGCAGATGTTGAAACAGATGAAGTGTATGCTCAAATGA
CGTTGCAGCCGCTGACTCCGCAAGAGCAGAAGGATACGTTTCTTCCCATGG
AGTTGGGCGTTCCAAGTAAGCAGCCCTCAAATTATTTTTGCAAGACATTAA
CGGCAAGTGACACCAGCACACATGGAGGGTTCTCTGTTCCTCGTCGCGCTG
CTGAGAAAGTTTTCCCTCCATTGGATTTCTCACAGCAACCACCTGCGCAAGA
ACTAATTGCTAGGGATCTCCATGATGTTGAGTGGAAGTTTCGACATATTTTT
CGAGGACAGCCAAAACGACACCTTCTTACAACAGGCTGGAGTGTATTTGTT
AGTGCCAAACGACTAGTAGCTGGAGATTCTGTGCTTTTCATATGGAATGAA
AAGAATCAGCTTCTTTTGGGAATACGTCGTGCCAATCGACCACAAACTGTC
ATGCCATCCTCAGTTCTATCTAGTGATAGTATGCACATTGGGCTTCTTGCAG
CTGCTGCTCATGCTGCAGCAACTAATAGCTGCTTTACAGTGTTCTATAACCC
AAGGGCTAGTCCATCTGAATTTGTCATACCGCTTTCAAAATATATCAAAGCT
GTGTACCATACGCGTGTTTCTGTTGGTATGCGTTTCAGGATGCTTTTTGAGA
CTGAAGAATCAAGTGTCCGCAGGTACATGGGTACAATAACTGGCATAAGTG
ACCTGGATCCTGTTCGTTGGCCGAATTCTCATTGGCGATCTGTTAAGGTTGG
TTGGGACGAATCAACCGCTGGAGAGAGACAGCCACGGGTATCATTATGGG
AAATTGAGCCTTTAACAACGTTTCCAATGTATCCATCTCTATTTCCCCTCAG
ATTGAAACGACCCTGGCATCCGGGCACCTCTTCTTTTCATGATGGCAGAGAT
GAAGCAACTAATGGGCTTATGTGGCTGAGGGGTGGACCTGGAGACCAAGCT
CTCAATTCCCTGAATTTTCAAGGTTCTGGTTTGTTGCCATGGATGCAGCAGA
GAATGGATCCAACTTTACTTGCAAATGATCATAATCAGCACTACCAAGCCA
TGTTTGCATCTGGTTTGCAGAACTTAGGGAGTGGAGATTTAATGAGACAAC
AAATAATGAATTTTCAACAGCCTTTCAATTATCTTCAACAATCAGGAAACCC
CAATCCTCCTTTGCAGCTTCAGCAACCGCAAGCAATTCAGCAATCCGTATCT
TCTAATAATATTCTACAGCCACAAGCCCAAGTAATGGCAGAGAACCTGTCT
CAGCACCTCCTTCAGAAATCACACAACAATCGAGAAGACCAAACACAGCA
GCAGCAGCAGCAGCGGCACACTTATCAAGATACAGTTTTACTTCAAAGTGA
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TCAGCTCCATCAGAGGCAACACTCTGGTCTACCTTCACCGTCATATTCAAAA
CCAGATTTCTTAGATTCAAGCATGAAGTTCCCTGCTTCAGTTTCACCAGGAC
AAAACATTCTTGGTTCACTTTGTCCTGAAGGGAGTGGTAATCTCTTGAATTT
ATCCAGAAGTGGTCAGTCCATGCTGACTGAACAGTTACCTCAACAATCATG
GGCCCCAAAATTCACACCGTTGCAGGTTAATGCTTTTGGCAACTCAATGCA
ACATGTGCAGTATTCTGGAAAAGATACCGCAATGGTGCCACCACATTGTAA
CTCGGACACCCAAAATCCTATTCTATTTGGGGTCAACATCGATTCATCTGGT
CTTCTGCTCCCTACGACTGTCCCGCGTTATACTACTGCATCAGCGGATAGTG
ATGCATCAGCAATGCCATTAGGAGAGTCTGGATTCCAGTCTCCTTTATATCC
TTGTGGTCAAGATTCATCAGAGTTGGTGCAAAGTGCAGGGCAAGTTGACCC
TCAAAACCAGACACGAACATTCGTCAAGGTTTACAAATCAGGGTCAGTTGG
GCGCTCACTTGACATCTCCCGGTTCAGCAGTTATCATGAGCTGCGGGAGGA
GTTGGCACAGATGTTTGGTATTGAGGGGAAATTAGAAGACCCTCTTAGATC
AGGCTGGCAGCTTGTATTCGTCGACAGGGAGAACGATGTTCTTCTCCTTGG
AGACGATCCGTGGGAATCATTTGTCAATAATGTATGGTATATCAAAATACT
TTCACCTGAAGATATCCATAAAATGGGAGAACAAGCCCTGGAATCCCTTGG
TCCAAGTCCAGGACAGAGGCTGAATAGCACTGGTGCAGATTCTCATGAAAT
TGTTTCAGGACTACCATCAATTGGCTCCCTTGAATACTGAGCGGGACTCTGG
GGTTCGGACTCTAGCTAGAGTCAAGCAGATCGTTCAAACATTTGGCAATAA
AGTTTCTTAAG

Table 9. Oligos sequence for golden gate cloning of ER7GG
Name

Primer Sequence (5'-3')

new 1a top strand

ATCGAGGTCTCAGGAGCCGGTAGGTTGTCGGCCAAAGGCCGACAACCGTGA
GACCTCGAT

new 1b reverse compliment

ATCGAGGTCTCACGGTTGTCGGCCTTTGGCCGACAACCTACCGGCTCCTGAG
ACCTCGAT
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2 a top strand

ATCGAGGTCTCAACCGGTAGGCCGGTAGGTTGTCGGCCAAAGGCCGACAAC
CGGTAGTGAGACCTCGAT

2 b reverse compliment

ATCGAGGTCTCACTACCGGTTGTCGGCCTTTGGCCGACAACCTACCGGCCTA
CCGGTTGAGACCTCGAT

3 a top strand

ATCGAGGTCTCAGTAGGCCGGTAGGTTGTCGGCCAAAGGCCGACACCGGTA
GGCCGGTTGAGACCTCGAT

3 b reverse compliment

ATCGAGGTCTCAACCGGCCTACCGGTGTCGGCCTTTGGCCGACAACCTACC
GGCCTACTGAGACCTCGAT

4 a top strand

ATCGAGGTCTCACGGTAGGTTGTCGGCCAAAGGCCGACAACCGGTAGGCCG
GTAGGTTGAGACCTCGAT

4 b reverse compliment

ATCGAGGTCTCAACCTACCGGCCTACCGGTTGTCGGCCTTTGGCCGACAACC
TACCGTGAGACCTCGAT

5 a top strand

5 b reverse compliment
6 a top strand
6 b reverse compliment

ATCGAGGTCTCAAGGTTGTCGGCCAAAGGCCGACAACCGGTAGGTGAGACC
TCGAT
ATCGAGGTCTCACCTACCGGTTGTCGGCCTTTGGCCGACAACCTTGAGACCT
CGAT
ATCGAGGTCTCATAGGCCCCGCAAGACCCTTCCTCTATATAAGGAAGTTCAT
TTCATTTGGAGAGGTATTTTTACATGAGACCTCGAT
ATCGAGGTCTCATGTAAAAATACCTCTCCAAATGAAATGAACTTCCTTATAT
AGAGGAAGGGTCTTGCGGGGCCTATGAGACCTCGAT
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new 7a topstrand

278 Fp- min 35s

ATCGAGGTCTCATACAACAATTACCAACAACAACAAACAACAAACAACATT
ACAATTACTATTTACAATTACAATTACACCATTGAGACCTCGAT
ATCGAGGTCTCAATGGTGTAATTGTAATTGTAAATAGTAATTGTAATGTTGT
TTGTTGTTTGTTGTTGTTGGTAATTGTTGTATGAGACCTCGAT
ATCGAGGTCTCATACAACAATTACCAACAAC

279 Rp-min 35s

TGTAATTGTAATTGTAAATAGTAATTGTAA

Fp for BsaI site to prepare PCR8
modified vector

GGAGCGAGACCGCTTTCCAGATCTGATAACTTGTGGTCTCACCAT

new 7b reverse compliment

R compliment for Bsa I site to
prepare PCR8 modified vector

ATGGTGAGACCACAAGTTATCAGATCTGGAAAGCGGTCTCGCTCC

Table 10. Oligos sequence for golden gate cloning of ER7TC
Name

Primer Sequence (5'-3')

8a top strand 1st fragment of ER7
TC

ATCGAGGTCTCAGGAGCCGGTAGGTTGTCTCCCAAAGGGAGACAACCGTGA
GACCTCGAT

8 b Rev compliment

ATCGAGGTCTCACGGTTGTCTCCCTTTGGGAGACAACCTACCGGCTCCTGAG
ACCTCGAT

9a top strand

ATCGAGGTCTCAACCGGTAGGCCGGTAGGTTGTCTCCCAAAGGGAGACAAC
CGGTAGTGAGACCTCGAT

9b rev compliment

ATCGAGGTCTCACTACCGGTTGTCTCCCTTTGGGAGACAACCTACCGGCCTA
CCGGTTGAGACCTCGAT
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10a top strand

ATCGAGGTCTCAGTAGGCCGGTAGGTTGTCTCCCAAAGGGAGACAACCGGT
AGGCCGGTTGAGACCTCGAT

10b rev compliment

ATCGAGGTCTCAACCGGCCTACCGGTTGTCTCCCTTTGGGAGACAACCTACC
GGCCTACTGAGACCTCGAT

11a top strand

ATCGAGGTCTCACGGTAGGTTGTCTCCCAAAGGGAGACAACCGGTAGGCCG
GTAGGTTGAGACCTCGAT

11b rev compliment

ATCGAGGTCTCAACCTACCGGCCTACCGGTTGTCTCCCTTTGGGAGACAACC
TACCGTGAGACCTCGAT

12a top strand

ATCGAGGTCTCAAGGTTGTCTCCCAAAGGGAGACAACCGGTAGGTGAGACC
TCGAT

12b rev compliment

ATCGAGGTCTCACCTACCGGTTGTCTCCCTTTGGGAGACAACCTTGAGACCT
CGAT

6 a top strand

ATCGAGGTCTCATAGGCCCCGCAAGACCCTTCCTCTATATAAGGAAGTTCAT
TTCATTTGGAGAGGTATTTTTACATGAGACCTCGAT

6 b reverse compliment

ATCGAGGTCTCATGTAAAAATACCTCTCCAAATGAAATGAACTTCCTTATAT
AGAGGAAGGGTCTTGCGGGGCCTATGAGACCTCGAT

new 7a topstrand

ATCGAGGTCTCATACAACAATTACCAACAACAACAAACAACAAACAACATT
ACAATTACTATTTACAATTACAATTACACCATTGAGACCTCGAT
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new 7b reverse compliment

ATCGAGGTCTCAATGGTGTAATTGTAATTGTAAATAGTAATTGTAATGTTGT
TTGTTGTTTGTTGTTGTTGGTAATTGTTGTATGAGACCTCGAT

Table 11. Oligos sequence for golden gate cloning of DR5TT
Name

Primer Sequence (5'-3')

13a top strand 1st fragment of
DR5 TT
13b rev compliment

ATCGAGGTCTCAGGAGCCGGTAGGTTGTCTTCCTTTTGTCTTACCGTGAG
ACCTCGAT
ATCGAGGTCTCACGGTAAGACAAAAGGAAGACAACCTACCGGCTCCTG
AGACCTCGAT
ATCGAGGTCTCAACCGGTAGGCCGGTAGGTTGTCTTCCTTTTGTCTTACC
GGTAGTGAGACCTCGAT

14a top strand
14b rev compliment
15a top strand
15b rev compliment
16a top strand
16b rev compliment
17a top strand
17b rev compliment

ATCGAGGTCTCACTACCGGTAAGACAAAAGGAAGACAACCTACCGGCC
TACCGGTTGAGACCTCGAT
ATCGAGGTCTCAGTAGGCCGGTAGGTGTCTTCCTTTTGTCTTACCGGTAG
GCCGGTTGAGACCTCGAT
ATCGAGGTCTCAACCGGCCTACCGGTAAGACAAAAGGAAGACACCTAC
CGGCCTACTGAGACCTCGAT
ATCGAGGTCTCACGGTAGGTTGTCTTCCTTTTGTCTTACCGGTAGGCCGG
TAGGTTGAGACCTCGAT
ATCGAGGTCTCAACCTACCGGCCTACCGGTAAGACAAAAGGAAGACAA
CCTACCGTGAGACCTCGAT
ATCGAGGTCTCAAGGTTGTCTTCCTTTTGTCTTACCGGTAGGTGAGACCT
CGAT
ATCGAGGTCTCACCTACCGGTAAGACAAAAGGAAGACAACCTTGAGAC
CTCGAT
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6 a top strand

ATCGAGGTCTCATAGGCCCCGCAAGACCCTTCCTCTATATAAGGAAGTT
CATTTCATTTGGAGAGGTATTTTTACATGAGACCTCGAT

6 b reverse compliment

ATCGAGGTCTCATGTAAAAATACCTCTCCAAATGAAATGAACTTCCTTA
TATAGAGGAAGGGTCTTGCGGGGCCTATGAGACCTCGAT

new 7a topstrand

ATCGAGGTCTCATACAACAATTACCAACAACAACAAACAACAAACAAC
ATTACAATTACTATTTACAATTACAATTACACCATTGAGACCTCGAT

new 7b reverse compliment

ATCGAGGTCTCAATGGTGTAATTGTAATTGTAAATAGTAATTGTAATGT
TGTTTGTTGTTTGTTGTTGTTGGTAATTGTTGTATGAGACCTCGAT
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Appendix C: Composition of buffers
Table 12. Composition of resuspension buffer
Ingredients
MES
(2-(N-morpholino
ethanesulfonic acid)
Mgcl2
Acetosyringone

Concentration (mM)

pH

10

7

10

7

0.1

-

Table 13. Composition of extraction buffer
Ingredients

Unit

Concentration

KPO4
EDTA
(Ethylenediaminetetraacetic
acid)

mM

50

mM

10

Triton
Sodium Lauryl Sarcosine
DTT
(Dithiothreitol)

% by
volume
% by
volume
mM

0.1
0.1
1.0
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Appendix D: Figures of restriction digestion of different effector vectors.
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Appendix E: Figures of restriction digestion of different reporter vectors.
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Appendix F: Vector maps and details

Figure F.1: AuxREs combination and vector map of pCAMGFP: GW-GUS
destination vector

Figure F.2: Vector map of PK2GW7:GmARF8a driven by 35s promoter
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Figure F.3: Vector map of PK2GW7:GmARF16-2 driven by 35s promoter

Figure F.4: Vector map of PK2GW7:GmARF10-4 driven by 35s promoter
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Figure F.5: Vector map of PK2GW7:GmARF16-3 driven by 35s promoter

Figure F.6: Vector map of PK2GW7:GmARF17-2 driven by 35s promoter
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Figure F.7: Vector map of PK2GW7:GmARF8a:GmARF16-2 driven by NOS and
35s promoter

Figure F.8: Vector map of PK2GW7:GmARF8a:GmARF16-3 driven by NOS and
35s promoter
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Figure F.9: Vector map of pCAM2color:Gwox:GmARF8a driven by sububiquitin
promoter

Figure F.10: Vector map of pCAM2color:Gwox:GmARF16-2 driven by
sububiquitin promoter
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Appendix G: ANOVA and mean comparison
Table 14. Table showing the p-values (p<0.05) of the main effect of strain,
construct and their interaction resulted from the analysis of variance.
Factors

p-value

Strain

0.130

Construct

0.423

Strain*Construct

0.356

Table 15. Mean comparison of GUS slope values among different strains at
significance level of p<0.05.
GUS slope
Strains
values
Water

-1.10b

Only leaves

-0.88b

Competent cells

1.22b

18r12v

121.22ab

GV3101

154.59ab

EHA105

262.60a
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Table 16. Mean comparison of GUS slope values among different constructs at
significance level of p<0.05.
Constructs

GUS slope
values

Water

-1.10a

Only leaves

-0.88a

Competent cells

1.22a

35s:GUS

148.40a

Dr5:GUS

210.55a

